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ABSTRACT
The s p e c t r a  o f  n u c le a r  y  ra y s  e m itte d  i n  c o in c id e n c e  w ith  IT -  
a b s o r p t io n  e v e n ts  in  c a rb o n , n i t r o g e n ,  sodium , s u l f u r ,  and c a lc iu m , w ere 
ta k e n  w ith  a  G e(L i) d e t e c t o r .  Y ie ld s  o f  e x c i t e d  s t a t e s  o f  d a u g h te r  
n u c le i  w ere d e te rm in ed  from  p h o to p eak  a r e a s , r e c o i l  momenta w ere com puted 
f o r  s t a t e s  w hich d is p la y e d  D o p p le r b ro a d e n in g , and th e  mean number o f  y  
ra y s  p ro d u ced  p e r  t t ”  s to p  was m easured  w i t h .a  sp ec tru m  s t r i p p i n g  a n a ly s i s .
32G ross f e a tu r e s  o f  th e  s p e c t r a  o f  d a u g h te r  n u c le i  from  S and 
Ca a re  e x p la in e d  by  a  model w hich assum es a  co m b in a tio n  o f  a b s o rp tio n  
on p a i r s  p lu s  s m a ll  r e s i d u a l  e x c i t a t i o n ,  and u n ifo rm  d i s t r i b u t i o n  o f  th e  
p i o n 's  r e s t  energ y  in  th e  n u c le u s ,  fo llo w e d  by s t a t i s t i c a l  e v a p o ra t io n .  
F a i r  agreem ent was a ls o  o b ta in e d  w ith  th e  p r e d ic t io n s  o f  an e m p ir ic a l
s p a l l a t i o n  fo rm u la . T hree  t o  f iv e  y  ra y s  w ere e m it te d  p e r  p io n  s to p p ed  
i n  ^ S and ^°Ca.
E x c i ta t io n  o f  T = 0 , 1 s t a t e s  o f  (A -2) d a u g h te r  n u c le i  
from  carbon  and s u l f u r  was n o t o b se rv e d . Some p r e fe re n c e  f o r  e x c i t a t i o n  
o f  h ig h - s p in  s t a t e s  was s e e n . O ne-nucleon  rem oval was s tro n g ly * s u p p re s s e d  
e x c e p t in  th e  case  o f  th e  sodium  t a r g e t .
12An a n a ly s is  o f  D opp ler b ro a d e n in g  in d ic a te d  t h a t  n u c le i  o f  C 
in  th e  1+1+39-keV s t a t e  p ro d u ced  from  t t ”  a b s o rp tio n  on have  mean r e ­
c o i l  momenta o f  (169 +, 6 ) MeV/c. T h is  a g re e s  w ith  a  s im p le  c a lc u la t io n  
w hich assum es a b s o rp tio n  on a  d e u te ro n . R a tio s  o f  n p -  t o  pp -rem o v a l 
y i e ld s  w ere found t o  b e  ab o u t 1 _for 32g and ^ C a ,  and abou t 3 f o r  23jfa. 
Theory p r e d i c t s  3 , w hich can be r e c o n c i le d  w ith  t h e  ^2g and ^ C a  r e s u l t s  
by c o r r e c t in g  f o r  enhancem ent o f  2+ s t a t e s  o f  ev en -ev en  n u c l e i .
32 1+0T h ree -n u c le o n  rem oval i s  p ro m in en t f o r  b o th  S and Ca, and 
th e r e  a re  anom alously  la r g e  y i e ld s  f o r  s t a t e s  c o rre sp o n d in g  to  t r a n s f e r  
o f  th e  odd n e u tro n  t o  th e  f y /2  s k 6!-*-*
A p p re c ia b le  y i e ld s  a re  a ls o  see n  f o r  rem oval o f  th e  e q u iv a le n t  
o f  one o r  more- a lp h a  p a r t i c l e s  from  32g and ^ C a .  2°S i p ro d u ced  from  
3 % , and ^°A r and ^ °S i from  ^°Ca d is p la y  la r g e  r e c o i l  momenta. These 
tw o , to g e th e r  w ith  th e  o b s e rv a tio n  o f  th e  p ro d u c tio n  o f  h ig h - s p in  s t a t e s ,  
a r e  s u g g e s t iv e  o f  a b s o rp tio n  on l a r g e r  a g g re g a te s  o f  n u c le o n s , p e rh ap s  
a lp h a  c l u s t e r s .
Com parisons a re  a l s o  made w ith  v a r io u s  o th e r  e x p e r im e n ta l  r e ­
s u l t s  and t h e o r i e s .
PROMPT 2f RAYS FROM TT ABSORPTION 
ON C, N, Na, S , AND Ca
I. INTRODUCTION
P ions have b een  u sed  as p robes o f  n u c le a r  s t r u c tu r e  s in c e  
s h o r t ly  a f t e r  t h e i r  d is c o v e ry  in  191+7 • B ecause o f  th e  p r o p e r t ie s  o f  
p io n s  (s e e  T ab le  I ) ',  t h e i r  i n t e r a c t io n s  w ith  n u c le i  em phasize some nu­
c l e a r  f e a tu r e s  n o t amenable to  s tu d y  th ro u g h  use  o f  th e  more u s u a l  nu­
c l e a r  p ro b e s , such as n u c le o n s , a lp h a  p a r t i c l e s ,  and e le c t r o n s .  Reac­
t io n s  w hich a re  o f  p a r t i c u l a r  i n t e r e s t  in  t h i s  re g a rd  in c lu d e  doub le  
2c h arg e  exchange, and i f  a b s o r p t io n ,  which i s  th e  to p ic  o f  t h i s  s tu d y .
P ion  a b so rp tio n  i s  a  r e l a t i v e l y  u n ique  p ro c e s s  in  t h a t  i t  
in v o lv e s  a  l a r g e  e x c i t a t io n  (ll+O MeV) o f  th e  ab so rb in g  n u c le u s , o r  
p o r t io n  th e r e o f ,  w ith  no co rre sp o n d in g  momentum t r a n s f e r .  The con­
co m itan t dynam ical r e s t r i c t i o n s  g iv e  i t  p o t e n t i a l  v a lu e  in  th e  s tu d y  o f
3
s h o r t- r a n g e  c o r r e la t io n s  w ith in  n u c le i .  The u s e fu ln e s s  o f  t h i s  r e a c -  
t io h  in  n u c le a r  s t r u c tu r e  s tu d ie s  has m a n ife s te d  i t s e l f  o n ly  g r a d u a l ly ,  
how ever, f o r  two re a so n s .
F i r s t ,  th e  i n t e n s i t y  and s p a t i a l  and momentum r e s o lu t io n  o f  
p io n  beams have been  p o o r, w hich has s e v e re ly  l im i t e d  th e  accu racy  o f  
ex p erim en ts  b a se d  upon m easurem ent o f  o u t-g o in g  p a r t i c l e s .  A n a ly sis  o f  
th e  s p e c t r a  o f  n u c le a r  ra y s  e m itte d  in  prom pt c o in c id en c e  w ith  Tf 
a b s o r p t io n ,  w hich i s  th e  te ch n iq u e  used  in  t h i s  s tu d y , p a r t i a l l y  o v e r­
comes th e s e  d i f f i c u l t i e s  b ecau se  th e  energ y  r e s o lu t io n  o f th e  f i n a l  
s t a t e s  o f  th e  n u c le i  i s  s e v e r a l  keV , compared w ith  s e v e ra l  MeV fo r  
c h a r g e d - p a r t i c le  sp ec tro sc o p y  o f  p io n s . In  th e  f u tu r e  h ig h e r  i n t e n s i t i e s
2and hence b e t t e r  r e s o lu t io n  w i l l  "be a v a i la b le  a t  th e  LAMFF, TRIUMPF, 
and SIN a c c e le r a to r s .
Secondly , in  p io n  a b s o rp tio n  th e re  a re  com peting  p ro c e s s e s ,  
and f i n a l - s t a t e  in t e r a c t io n s  te n d  to  d i s t o r t  and mask w hat b e g in s ,  a t  
l e a s t  in  th e o ry , as a  few-body p ro b lem . In  o rd e r  t o  a cco u n t f o r  th e s e  
f a c to r s  many more d e t a i l s  o f th e  r e a c t i o n s , in v o lv in g  th e  b e h a v io r  o f  
b o th  p io n s  and n u c le o n s , must be known. T h e re fo re , a s  f a r  as u n co v er­
in g  n u c le a r  s t r u c tu r e  in fo rm a tio n  i s  con cern ed , T f ” a b s o r p t io n  becomes 
in e x t r ic a b ly  en tw in ed  w ith  a  b ro a d  ran g e  o f  r e a c t i o n s ,  w here th e  v a lu e  
o f each  in  term s o f  th e  u n d e rs ta n d in g  o f  n u c le a r  s t r u c t u r e  i t  p ro v id e s  
i s  s t r o n g ly  co u p led  t o  th e  u n d e rs ta n d in g  p ro v id ed  by each  o f  th e  o th e r s .
The rem ain d er o f  t h i s  c h a p te r  w i l l  a d d re ss  i t s e l f  t o  th e  q ues­
t io n s  re g a rd in g  p io n -n u c le u s  in t e r a c t io n s  and n u c le a r  s t r u c tu r e  which 
w i l l  h o p e fu lly  be i l lu m in a te d  by th e s e  e x p e rim en ts , t o  th e  e x p e r im en ta l 
and t h e o r e t i c a l  background  which p ro v id e s  th e  b a s i s  on w hich r e s u l t s  o f  
th e se  ex p erim en ts  may evo lv e  in to  new know ledge, and t o  th e  s p e c i f ic  
p u rp o ses  and a n t i c ip a te d  r e s u l t s  o f  each o f  th e  e x p e rim en ts  w hich c o l­
l e c t i v e l y  c o n s t i t u t e  t h i s  s tu d y .
A. P ion -N ucleus I n te r a c t io n s
The i n t e r a c t i o n  o f th e  low - and m edium -energy p io n s  w ith  
n u c le i  i s  dom inated by  th e  A  (1232) re so n a n c e , w ith  T -  and.
T  = 3/a , . k  For p io n -n u c le o n  i n t e r a c t i o n s  a t  t h i s  re so n an c e  th e  
f a m i l i a r  p r e d ic t io n
O'K'V -> TT+f ) A ^ ' f  7r' f ) / <r('rr' t  -> T7'°^)
= «?/'/a
i s  found t o  be v a l id ,  w hich  su p p o rts  th e  h y p o th e s is  t h a t  th e  A(l?.32) i s  a  
p u re  3/ 2  , ~ J ~ —  s t a t e .
At v e ry  low en erg y  th e  p io n -n u c le o n  s c a t t e r i n g  c ro s s  s e c t io n  
i s  v e ry  s m a ll .  The i n t e r a c t i o n  o f  lo w -en erg y  n e g a tiv e  p io n s  w ith  n u c le i  
i s  dom inated  by c a p tu re  in to  atom ic o r b i t a l s  fo llo w ed  by a b s o rp tio n  by 
th e  n u c le i .
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Chew and Low o b ta in e d  a p io n -a b s o rp t io n  i n t e r a c t i o n  H am ilton­
ia n  o f  th e  form
=  - i t  ^  r «  ^ U l )  “  & < « >
where -f i s  th e  c o u p lin g  c o n s ta n t ,  yU, i s  th e  p io n  m ass, "Vv\ th e  nucleon
m ass, th e  I  index  r e f e r s  to  n u c le o n s , c t  r e f e r s  t o  th e  p io n ,  and 
i s  th e  c a n o n ic a l c o n ju g a te  o f  th e  p io n  wave fu n c tio n  tj^oc (^*t ) • By
u s in g  th e  f a m i l i a r  s e c o n d -o rd e r  p e r tu r b  a t  io n - th e o ry  e x p re s s io n  f o r  th e  
r e a c t io n  p r o b a b i l i ty ,
p = 3-n-ll  <HHLn><7.|H|l> to  , (1.3)
I -n ~  t -  1 /
where ^  i s  th e  d e n s i ty  o f  f i n a l  s t a t e s .  Taking th e  a p p ro p r ia te  s o lu ­
t i o n  o f  th e  KLein-Gordan e q u a tio n  a s  th e  i n i t i a l  s t a t e  o f  th e  o r b i t in g  
p io n , and assum ing a  tw o-body r e s id u a l  n u c le a r  f o r c e  o f  th e  form
V *  ( *  -  X*) =  A S (x i  - 1* )  } (1--)
6 THuguenin * o b ta in e d
t
P =  3.^5 rrC
r  Sltt F i x , -*>' )*  
S(*,'-x£)| 1^)1 ZP (1 -5 )
as th e  a b so rp tio n  p r o b a b i l i t y ,  w here IjJj i s  th e  i n i t i a l  n u c le a r  s t a t e ,  
oC r e f e r s  to  th e  two e m itte d  n u c le o n s , t o  th e  r e s id u a l  n u c le u s , and
f  i s  th e  fu n c t io n
- x/rn | X, - X,' |
I X, - Xf 1
(1- 6 )
w here th e  p rim ed  and unprim ed c o o rd in a te s  a re  th e  n u c leo n  c o o rd in a te s  
in  th e  i n i t i a l  and f i n a l  s t a t e s ,  r e s p e c t iv e ly .  F u r th e r  c a lc u la t io n  
reduced  E q u a tio n  (1 -5 )  t o
P= [3-l |^f la(|°p + |^)
t o . V f e  | ' p ( * ) |A (f>P +  3 f N) ]  ,
(1 -7 )
where jDp and ^  a re  th e  p ro to n  and n e u tro n  d e n s i t i e s ,  r e s p e c t iv e ly .  
N um erical e v a lu a tio n  th e n  gave th e  a b so rp tio n  r a t e s  from  S and p 
o r b i t a l s
Ps 7 . 7 7  x / o ' ffZ v .a u ? ' ( 1- 8 )
Pp 549 H.HI x l o loZ 6 ^ " .  d-9)
Huguenin c la im s  t h a t  a b so rp tio n  on one n u c leo n  i s  ex tre m e ly  u n l ik e ly
Q
because o f  th e  energy-momentum m ism atch. S p e c to r , how ever, by w r i t in g
5th e  in te r a c t io n ,  as a  sum o f  s i n g l e - p a r t i c l e  o p e ra to r s  and u s in g  d i s t o r t ­
ed waves f o r  th e  o u tg o in g  n u c le o n s , o b ta in e d  a  r a t e  f o r  o n e - p a r t i c le  
em issio n  sm a lle r  th a n  t h a t  f o r  tw o - p a r t i c le  em iss io n  by a  f a c to r  o f  on ly  
1*.3. See C hapter IV, S e c tio n  B.
g
E ise n b e rg  and L etourneaux  have c a lc u la te d  a n g u la r  c o r r e l a ­
t io n s  and energy  d i s t r i b u t i o n s  f o r  717\ and 71 p  p a i r s  e m itte d  fo llo w -
12in g  ff f ~  a b s o rp tio n  on c o r r e l a t e d  p a i r s  in  C and 0 . They p o in te d  
out t h a t  such c a lc u la t io n s  en co u n te r d i f f i c u l t i e s  in  fo u r  a re a s :  ( l )
d i f f e r e n c e s  in s id e  th e  n u c le u s  betw een p io n  atom ic wave fu n c tio n s  and 
th o se  p r e d ic te d  from  n o n - r e l a t i v i s t i c  h y d ro g e n - lik e  wave f u n c t io n s ,  (2 ) 
c o r r e la t io n s  betw een i n i t i a l - s t a t e  n u c le o n s , ( 3 ) r e l i a b l e  d e s c r ip t io n s  
o f  th e  p io n -n u c le o n  i n t e r a c t i o n ,  and (U) th e  e f f e c t s  o f  f i n a l - s t a t e  
in te r a c t io n s  betw een o u tg o in g  n u c leo n s  and th e  r e s id u a l  n u c le u s . T h e ir  
c a lc u la t io n s  p r e d ic te d  t h a t  b a c k - to -b a c k  ( l 80° )  em iss io n  o f  two nucleons 
i s  su p p re ssed  by f i n a l - s t a t e  i n t e r a c t i o n s ,  and t h a t  PP p a i r s  sh o u ld  be 
removed about tw ic e  as f r e q u e n t ly  as T ip  p a i r s ,  w hich i s  in  d is a g re e ­
ment w ith  e x p e rim en t, in c lu d in g  t h i s  work ( s e e  C h ap ter IV , S e c tio n  B ).
I t  has been  su g g e s te d  t h a t  T f  a b so rp tio n  o ccu rs  n o t o n ly  on 
nu c leo n  p a i r s ,  b u t  on l a r g e r  c l u s t e r s  as w e l l ,  p a r t i c u l a r l y  a lp h a  c lu s ­
t e r s . '1'^ K olybasov and Tsepov*1''1' c la im  t h a t  th e  co m p ara tiv e ly  c rude  d a ta  
on a n g u la r  c o r r e l a t i o n s ,  s p e c t r a , ,  and a b s o lu te  c a p tu re  r a t e s  can be 
e x p la in e d  i f  a llow ance  i s  made f o r  b o th  th e  tw o -n u c leo n  mechanism and 
an a lp h a - p a r t i c l e  mechanism. The fundam ental, p roblem  o f  a b so rp tio n  on 
a c l u s t e r ,  w h e th er i t  be a  q u a s i- d e u te ro n , an a lp h a  p a r t i c l e ,  o r  any 
o th e r  c o r r e l a t e d  group o f  n u c le o n s , i s  t o  d e te rm in e  w hether th e  a b so rp ­
t io n  i s  on a  p refo rm ed  c l u s t e r  o r  i f  a  dynam ical c o r r e la t io n  o f  th e  
n u c leo n s  o ccu rs  d u rin g  th e  d i r e c t  c a p tu re  p ro c e s s . A lthough th e  ev id en ce
6i s  n o t c o n c lu s iv e , some e x p e r im e n ta l r e s u l t s ,  in c lu d in g  some r e s u l t s
from  t h i s  w ork, su g g es t t h a t  a  l im i t e d  amount o f  p re fo rm a tio n  might"
12o c cu r . U n fo r tu n a te ly , f i n a l - s t a t e  i n t e r a c t i o n s ,  s t a t i s t i c a l  ev ap o ra ­
t i o n ,  and enhancem ent o f  2+ s t a t e s  o f  even-even  n u c le i  co m p lica te  th e  
i n t e r p r e t a t i o n  o f  th e  ^  - r a y  s p e c t r a .
Some p r o te s  o th e r  th a n  p io n s  a re  a ls o  u s e f u l , a t  l e a s t  p o te n ­
t i a l l y ,  in  th e  s tu d y  o f  s h o r t- r a n g e  c o r r e l a t io n s  in  n u c le i .  The most 
ohvious o f  th e s e  a re  k a o n s , w hich undergo  a b so rp tio n  in  a  manner sim ­
i l a r  t o  p io n s ,  and m edium -energy )f ra y s  w hich , b ecau se  o f t h e i r  e n e rg y - 
momentum "m ism atch", canno t ab so rb  on s in g le  n u c le o n s . The d i f f i c u l t y  
w ith  kaons i s  th e  low q u a l i ty  o f  kaon beam s, w hich a r e  c u r r e n t ly  as 
poor in  com parison t o  p io n  beams as p io n  beams a re  in  com parison t o  
th o se  o f  p ro to n s  and a lp h a  p a r t i c l e s .  The m edium -energy p h o to n u c le a r  
ex p erim en ts  a re  v e ry  d i f f i c u l t  to  p e rfo rm  and a re  g e n e r a l ly  n o t as ad­
vanced as  th e  p io n  ex p e rim en ts . S e v e ra l ex p erim en ts  have an a ly zed  th e  
q u a s i-d e u te ro n  e f f e c t  ( , n p ) , ^  b u t  h e re  f i n a l - s t a t e  in te r a c t io n s
a ls o  make i n t e r p r e t a t i o n  d i f f i c u l t .
lUI t  has been su g g es te d  by Bernabeu et_ a l . , t h a t  muon c a p tu re  
in  th e  l i m i t  o f  v e ry  sm a ll n e u tr in o  en erg y  i s  v e ry  much l i k e  p io n  cap­
tu r e  and le a d s  to  th e  em iss io n  o f  c o r r e la t e d  n u c leo n  p a i r s .  They c la im  
t h a t  i f  such  ex p erim en ts  sh o u ld  tu r n  o u t to  be p r a c t i c a l  th e y  may p ro ­
v id e  an e f f e c t iv e  means o f  s tu d y in g  th e  o f f - s h e l l  b e h a v io r  o f  p io n s  in  
h ad ro n ic  m a t te r .
E xperim ents w ith  more c o n v e n tio n a l p ro b e s , such  as  (p , p d ) ,
3 15-18and th e  p ick u p  r e a c t io n s  (d , cC ) ,  ( p ,  t ) ,  and (p , He) have some
v a lu e  in  d e te rm in in g  momentum d i s t r i b u t i o n s .  P ickup  and s t r ip p in g  r e a c ­
t io n s ,  a s  w e ll  as p io n  a b s o r p t io n ,  can be u t i l i z e d ,  in  p r i n c i p l e ,  t o
Td e term in e  tw o - p a r t i c le  c o e f f i c i e n t s  o f  f r a c t i o n a l  p a re n ta g e . However, 
p ickup  {and s t r ip p in g )  r e a c t io n s  d i f f e r  from  p io n  a b so rp tio n  in  an im­
p o r ta n t  way. P ions sam ple th e  n u c le o n -p a ir  r e l a t i v e  c o o rd in a te  d i f ­
f e r e n t ly  th a n  do p ick u p  r e a c t io n s  ( in  p ick u p  th e  t r a n s f e r r e d  p a r t i c l e s  
a re  in  a  bound s t a t e ) .  Thus th e  re q u ire m e n ts  on th e  r e l a t i v e  wave fu n c ­
t io n s  o f  th e  n u c leo n s  a re  q u i te  d i f f e r e n t  f o r  p ick u p  and s t r ip p in g  r e a c ­
t io n s  as compared w ith  p io n  a b s o rp tio n .
B. N u c lea r S t r u c tu re
The s h e l l  and c o l l e c t iv e  m odels have been  most s u c c e s s fu l  in
a c c u ra te ly  d e s c r ib in g  a  w ide v a r i e ty  o f  n u c le a r  phenomena. These m odels
19-21a re  amply d e sc r ib e d  in  th e  l i t e r a t u r e  and r e q u i r e  no d is c u s s io n
h e re . T here a re  r e s id u a l  in te r a c t io n s  betw een nuc leons w hich a re  n o t
in c lu d e d  in  th e  s h e l l  and c o l l e c t i v e  m odels. One example w hich i s  w e ll
u n d e rs to o d  i s  th e  energy  gap r e s u l t i n g  from  p a i r in g  o f  l i k e  n u c leo n s  in  
22even-even  n u c le i .  S h o r t-ra n g e  c o r r e l a t i o n s ,  w hich in v o lv e  co rre sp o n d ­
in g ly  la r g e  momenta, a re  r e l a t i v e l y  p o o r ly  u n d e rs to o d  and a re  d i f f i c u l t  
to  e x p lo re  e x p e r im e n ta lly . The o b s e rv a tio n  o f  th e  q u a s i-d e u te ro n  e f f e c t  
in  p h o to n u c le a r  r e a c t io n s  does in d ic a te  th e  e x is te n c e  o f  such c o r r e l a ­
t i o n s ,  b u t q u a n t i t a t iv e  a n a ly s is  i s  made d i f f i c u l t  by f i n a l - s t a t e  i n t e r ­
a c t io n s  .
23I t  was p o in te d  o u t by  E r ic so n  t h a t  th e  momentum d i s t r i b u t i o n  
o f an e je c te d  p a i r  i s  r e l a t e d  t o  th e  F o u r ie r  tra n s fo rm  o f  th e  wave fu n c ­
t i o n  o f  th e  p a i r ’ s c e n te r -o f -m a ss  c o o rd in a te .  Thus th e  n a tu re  o f  such  
c o r r e la t io n s  i s  am enable to  a n a ly s is  by m easurem ent o f th e  D oppler b ro ad ­
en ing  o f  y ra y s  from  th e  a p p ro p r ia te  r e s id u a l  n u c le i  r e s u l t i n g  from  I t  
a b s o rp tio n .
As a lre a d y  m entioned  i n  S e c tio n  A, th e r e  a ls o  i s  e v id en ce  f o r  
l a r g e r  c o r r e l a t e d  a g g re g a te s  o f n u c le o n s , p e rh ap s  a lp h a  c l u s t e r s .  T here 
a re  m odels o f  n u c le a r  s t r u c tu r e  u s in g  a lp h a  c lu s t e r s  as g eo m etric  b u i ld -
2hin g  b lo c k s ,  b u t t h e i r  ran g e  o f  a p p l ic a t io n  i s  l im i t e d ,  and th e  c l u s t e r
model i s  n o t d e s ig n e d  t o  re p la c e  th e  more d e ta i l e d  p r e d ic t io n s  o f  th e  
25s h e l l  m odel.
A lthough a  p u re  c l u s t e r  m odel i s  u n l ik e ly  to  g iv e  an a c c u ra te
d e s c r ip t io n  o f  a l l  n u c le a r  p r o p e r t i e s ,  th e r e  rem ains th e  p o s s i b i l i t y
t h a t  c l u s t e r  fo rm atio n  may be r e l a t i v e l y  more im p o rtan t n e a r  th e  n u c le a r  
26s u r f a c e .
tT “  a b so rp tio n  shou ld  be s e n s i t i v e  t o  th e  p re se n c e  o f a lp h a
o r o th e r  heavy c l u s t e r s  n e a r  th e  n u c le a r  s u r f a c e .  T h is e x p e c ta t io n  i s
b a se d  upon th e  re q u ire m e n t t h a t  p io n s  ab so rb  n e a r  th e  n u c le a r  s u r fa c e
on a g g re g a te s  o f  a t  l e a s t  two n u c le o n s . B ecause fo u r  s e p a ra te d  n u c leo n s
in  a  re g io n  o f  r e l a t i v e l y  low d e n s i ty  o f  n u c le a r  m a tte r  have more energy
th a n  i f  th e y  a re  c lu s t e r e d  in to  a  q u a s i- a lp h a  p a r t i c l e , c l u s t e r s  a re
27e x p ec ted  t o  form n e a r  th e  n u c le a r  s u r f a c e .  A fo u r-n u c le o n  c l u s t e r  
c o n ta in s  s ix  p a i r s .  T h e re fo re , i f  c l u s t e r s  e x i s t ,  p io n s  sh o u ld  p r e f e r ­
e n t i a l l y  abso rb  on them .
In d ic a t io n s  o f  a b so rp tio n  on heavy c l u s t e r s  may in c lu d e  la r g e
y ie ld s  f o r  th e  rem oval o f  one o r  more e q u iv a le n t  a lp h a  p a r t i c l e s , l a r g e
28momentum t r a n s f e r s  in  such  p r o c e s s e s , e x c i t a t io n  o f  h ig h -s p in  s t a t e s , 
and f o u r - p a r t i c l e - f o u r - h o l e  e f f e c t s  in d ic a t iv e  o f  d i r e c t  r e a c t io n s  on 
fo u r-n u c le o n  g ro u p s . E vidence o f  such  phenomena in  th e s e  ex p erim en ts  
i s  d is c u s s e d  in  C hap ter IV , S e c tio n  B.
9C. P urposes o f  th e  Work
The g e n e r a l  pu rp o se  o f  t h i s  s tu d y  was to  u t i l i z e  th e  o b serv ed  
prompt - r a y  s p e c t r a  from  d au g h te r n u c le i  produced  by Tf a b s o rp tio n  
to  le a r n  as much as p o s s ib le  abou t th e  r e a c t io n  and n u c le a r  s t r u c t u r e .  
T his te c h n iq u e  h as  b o th  s t r e n g th s  and w eaknesses. Among th e  s t r e n g th s  
a re  ( l )  a l l  bound e x c i te d  s t a t e s  o f  d a u g h te r  n u c le i  produced  w ith  ade­
q u a te  y ie ld s  w i l l  be o b serv ed , no m a tte r  how com plex th e  p a r t i c l e -  
em ission  p ro c e s s e s  g e n e ra tin g  th o se  s t a t e s  may b e ,  (2 ) th e  e x p e rim en ts  
a re  u s u a l ly  n o t b ia s e d  in  fa v o r  o f  a  p a r t i c u l a r  r e a c t io n  c h a n n e l, (3 ) 
r e c o i l  momenta o f  d a u g h te r  n u c le i  can f r e q u e n t ly  be  m easured , (U) energy  
r e s o lu t io n  i s  e x c e l l e n t ,  (5 ) p io n  beams o f  r e l a t i v e l y  poor s p a t i a l  and 
momentum r e s o lu t io n  may be u t i l i z e d ,  (6 ) no vacuum system  i s  n e e d e d , and 
(7 ) s t a t e s  r e s u l t i n g  from  n e u tro n  em ission  can be s e e n .
W eaknesses o f  t h i s  te c h n iq u e  in c lu d e  ( l )  th e  i n a b i l i t y  t o  
observe  g ro u n d - s ta te  t r a n s i t i o n s ,  (2 ) th e  i n a b i l i t y  t o  observe  d a u g h te r  
n u c le i  w hich do n o t have bound e x c i te d  s t a t e s ,  such  as  many o f  th o s e  
r e l a t i v e l y  f a r  from  th e  m ax im u ra -s tab ility  c u rv e , (3 )  th e  i n a b i l i t y  to  
m easure r e c o i l  momenta o f  n u c le i  in  s t a t e s  w ith  lo n g  l i f e - t i m e s  ( T* ^  1 
p ic o se c o n d ) , (U) o c c a s io n a l a m b ig u itie s  in  )f-ray  i d e n t i f i c a t i o n s ,  (5) 
th e  low e f f i c i e n c i e s  o f  G e(Li) d e te c to r s ,  and (6 ) th e  d i f f i c u l t y  o f  
o b ta in in g  t o t a l  y i e ld s  f o r  odd-even and odd-odd d a u g h te r  n u c le i .  On 
b a la n c e , th e  ^ - r a y  te c h n iq u e  i s  an e f f e c t iv e  means o f  s tu d y in g  n u c le a r  
s t r u c tu r e ,  e s p e c ia l l y  when i t  i s  view ed as a complement t o  e x p e rim en ts
w hich m easure th e  s p e c t r a  o f  o u tg o in g  charged  p a r t i c l e s  and n e u tro n s .
-  12The pu rp o se  o f  th e  Tf + C experim en t was to  m easure th e  
r e l a t i v e  e x c i t a t io n s  o f  and "^B e, and to  lo o k  f o r  o n e - p a r t i c le
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11e m iss io n  by o b se rv a tio n  o f  any B l i n e s  w hich m ight have been p r e s e n t .  
E x c i ta t io n  o r ,  more c o r r e c t l y ,  n o n -e x c i ta t io n  o f  t h e  0+ , 1 s t a t e  o f  ^ B  
(s e e  C hapter IV , S ection  B l)  was a lso  o f  i n t e r e s t .
12  +Measurement o f  t h e  r e c o i l  momentum spec trum  o f  C 2 d au g h te r 
n u c le i  was th e  purpose o f  th e  I t"  + e x p e rim en t. From t h i s  th e  momen­
tum d i s t r i b u t i o n  o f  th e  a b so rb in g  np p a i r  was d e te rm in ed  assum ing a  one- 
s te p  q u a s i - f r e e  p ro cess .
-  32T here  were s e v e r a l  reasons f o r  p e rfo rm in g  th e  f t  + S and
-  1*0f t  + Ca ex perim en ts. T hese in c lu d ed  m easurem ent o f  n p /p p  rem oval 
r a t i o s ,  com parison w ith p r e d ic t io n s  o f  a  s t a t i s t i c a l  e v a p o ra tio n  code, 
and a  s ea rc h  f o r  ev idence o f  alpha c l u s t e r i n g .
The f t  + Ju a  experim ent was perfo rm ed  p r im a r i ly  to  d e te r ­
m ine what sy s te m a tic  d i f f e r e n c e s  may e x i s t  betw een s p e c t r a  o f  d au g h te r
32n u c le i  from odd-even t a r g e t s  as compared w ith  th e  ev en -even  t a r g e t s  S 
1*0and Ca. The np/pp rem o v a l r a t io  was o f  p a r t i c u l a r  i n t e r e s t  because  
h e re  th e re  was no 2 enhancem ent (see  C h ap te r IV, S e c tio n s  A l, Bl*c, and 
B6b ) t o  b ia s  th e  r e s u l t .  A lso , would e q u iv a le n t  a lp h a  em iss io n  be ob­
se rv ed  s t r o n g ly ,  o r  would e q u iv a le n t t r i t o n  rem oval be dom inant in s te a d ?  
A nother r e a c t io n  channel o f  i n t e r e s t  h e r e  was s in g le -p ro to n  rem oval, a  
P ^ b o n  b e in g  the  u n p a ir e d  p a r t i c l e .  In  t h i s  c a se  would i t  be
7
s tro n g ly  su p p re ssed  as a c c o rd in g  to  H uguen in , o r  n e a r ly  com parable to
8tw o-nuc leon  rem oval as p r e d ic t e d  by S p e c to r?
These q u e s t io n s , and a  number o f  o th e rs  w hich a ro se  in  th e  
co u rse  o f  t h e  a n a ly s is ,  a r e  d iscu ssed  i n  l i g h t  o f  th e  e x p e r im e n ta l r e ­
s u l t s  in  C h ap te r IV.
II. EXPERIMENTAL APPARATUS
A. The SREL S y n ch ro cy c lo tro n
These ex p erim en ts  w ere perfo rm ed  a t  th e  Space R a d ia tio n  E f-  
31f e c t s  L ab o ra to ry  sy n c h ro c y c lo tro n  in  Newport News, V ir g in ia ,  u s in g  
th e  n e g a tiv e  p io n  beams s u p p lie d  to  th e  meson and NMA-1 e x p e r im e n ta l 
a r e a s .
The SREL m achine i s  a freq u en cy -m o d u la ted  c y c lo tro n  w ith  th e
a c c e le r a t in g  freq u e n cy  m odulated  a cc o rd in g  to  a  freq u en cy  program  g iv en
by a  v a r ia b le  c a p a c ita n c e . T h is  i s  done by a  l a r g e  tu n in g  f o r k ,  th e
p ro n g s o f  w hich form  p a r t  o f a  v a r ia b le  c a p a c i to r ,  and w hich v ib r a te s  a t
5^ Hz, each  v ib r a t io n  co rre sp o n d in g  to  th e  a c c e le r a t io n  o f  a  group o f
32p ro to n s  from  zero  t o  maximum en erg y . The a c c e le r a t io n  freq u e n cy  th u s  
v a r i e s  from  2 9 .8  MHz t o  17-0 MHz ov er each  c y c le ,  and th e  i n t e r n a l  beam 
p ro to n s  a re  a c c e le r a te d  t o  a  k in e t i c  energy  o f  590 MeV.
N eg ativ e  and p o s i t iv e  p io n s  a re  produced  by  r e a c t io n s  o f  th e
form
P  +  ' a c  - >  "C +  5 p  +  t t "  < u
in  an i n t e r n a l  "h a rp ” t a r g e t  c o n s is t in g  o f  9-m ic ro n - th ic k  f i la m e n ts  o f
carbon  lo c a te d  ap p ro x im a te ly  2 .2  m e te rs  from  th e  c e n te r  o f  th e  c y c lo -
33 —t r o n .  The c ro ss  s e c t io n  f o r  TT p ro d u c tio n  in  carbon  a t  a  la b o r a to r y
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energy  o f  600 MeV i s  a p p ro x im a te ly  5 yu. b/MeV s te r a d ia n  and t y p i c a l  
v a lu e s  a re  shown in  F ig u re  1 .
Of th e  f iv e  ex p erim en ts  d e s c r ib e d  in  t h i s  d i s s e r t a t i o n ,  o ne ,
Tf + "^N, was perfo rm ed  in  th e  meson ch an n e l and th e  o th e r s  w ere done 
in  th e  NMA-1 a re a . The la y o u ts  o f  th e s e  beam c h an n e ls  a re  shown in  F ig ­
u re  2 . Both o f  th e s e  ch an n e ls  em it 180-MeV/c p io n s  w hich a re  fo c u sed  by 
a  p a i r  o f  quad rupo le  m agnets and th e n  momentum s e le c te d  by a  bend ing  
m agnet. The m agnet s e t t i n g s  a r e  g iv en  in  T ab le  2 and p io n  f lu x  as a  
fu n c tio n  o f  bending-m agnet s e t t i n g  i s  g iv en  in  F ig u re  3- A beam stu d y  
co nducted  p r i o r  to  th e s e  ru n s  in d ic a te d  t h a t  i t  was {85-3 ± 1*0)% 
p io n s ,  th e  rem ain d er b e in g  muons and e le c t r o n s .  T h is i s  re a so n a b ly  
c o n s is te n t  w ith  th e  one i n d i r e c t  measurem ent o f  beam co m p o sitio n  done 
in  th e s e  e x p e r im e n ts , w hich found a  (6 .1  ± 1 .2 ) #  y i e l d  o f  th e  787-keV 
2 p - ls  muonic X ra y s  from  ^°Ca in  th e  T f-  + *^Ca ex p erim en t. S in ce  t h i s  
muonic X -ray  l i n e  h as  a  r e l a t i v e  i n t e n s i t y  o f  {8 3 .6  ± 1 .7 ) # ,  th e  ob­
se rv ed  y i e l d  would co rre sp o n d  t o  ( 7*3 ± l.U } #  muons in  th e  beam.
B. D e te c tio n  o f  S topped P io n s
The 180-MeV/c n e g a tiv e  p io n s  from  e i t h e r  th e  meson ch an n e l 
o r th e  NMA-1 ch an n e l e n te r e d  th e  ex p e rim en ta l a p p a ra tu s  as  shown in  
F ig u re s  k and 5. The f i r s t  e lem ent was an en e rg y  d e g ra d e r made o f  
b o ra te d  p a r a f f in  and s h e e ts  o f  aluminum. Optimum d e g ra d e r th ic k n e s s  
was d e te rm in ed  by ta k in g  a  ran g e  cu rve  and th u s  m axim izing th e  s to p p in g  
r a t e ,  as shown in  F ig u re  6 .
F o llow ing  th e  d e g ra d e r  th e  p io n s  p a s se d  th ro u g h  two s c i n t i l l a ­
t io n  d e te c to r s  S I and S2, each c o n s is t in g  o f  a  l / 8" - th ic k  p ie c e  o f  P i l o t  
B s c i n t i l l a t o r  connec ted  th ro u g h  an a d ia b a t ic  l i g h t  p ip e  t o  a
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p h o to m u lt ip l ie r  tu b e . MD p u ls e s  from th e s e  two c o u n te rs  in d ic a te d  t h a t  
p io n s  had re a c h e d  th e  t a r g e t ,  w hich was im m ed ia te ly  b eh in d  S2. S c i n t i l ­
l a t o r  S3, im m ed ia te ly  b eh in d  th e  t a r g e t ,  was in  a n t ic o in c id e n c e  w ith  
th e  S1-S2 MD. Thus a  123 s ig n a l  in d ic a te d  a  p io n  s to p .
The t a r g e t s  f o r  th e  f iv e  ex p erim en ts  w ere: ( l )  a  10 x  10 x l "
b lo c k  o f  g r a p h i t e ,  (2 ) th r e e  j a r s  o f  Li NHg, w hich s e rv e d  as  a  n i t ro g e n  
t a r g e t ,  ( 3 ) s i x  c y l in d e rs  o f  m e ta l l i c  sodium  8" lo n g  by 2 " d ia m e te r in  
t h in  p l a s t i c  bags hang ing  p a r a l l e l  to  each o th e r ,  ( 1+) a  lV ' th ic k n e s s  o f  
powdered s u l f u r  in  a  t h i n  p l a s t i c  b ag , and (5 ) a  2" th ic k n e s s  o f  ca lc iu m  
tu rn in g s  in  a  t h i n  p l a s t i c  bag .
The t a r g e t s  w ere hung w ith  th e  t a r g e t  p la n e  a t  a  ^5° ang le  
w ith  r e s p e c t  t o  b o th  th e  p io n  beam and th e  norm al l i n e  from  th e  beam to  
th e  G e(Li) d e te c to r .  T h is in c re a s e d  th e  t a r g e t  th ic k n e s s  seen  by th e  
beam and d e c re a se d  th a t  seen  by th e  G e (L i) . C o rre c tio n s  f o r  t a r g e t  
th ic k n e s s  a re  d is c u s se d  in  C hap ter I I I .
C. The Gamraa-Ray S p ec tro sco p y  System
^ ra y s  e m itte d  in  c o in c id en c e  w ith  s to p p ed  Tf w ere d e te c te d  
w ith  a  Uo cm P r in c e to n  Gamma-Tech G e(L i) d e te c to r .  I t  was co o led  by a 
30- l i t e r  l iq u id - n i t r o g e n  dewar and was p la c e d  to  one s id e  o f  th e  t a r g e t  
so t h a t  th e  fa c e  o f  th e  G e(L i) c r y o s ta t  was ap p ro x im a te ly  i V  from  th e  
c e n te r  o f  th e  t a r g e t ,  which was c o in c id e n t  w ith  th e  c e n te r  o f  th e  p io n  
beam l i n e .  The 2 0 0 0 -v o lt n e g a tiv e  b ia s  r e q u ir e d  by th e  d e te c to r  was 
s u p p lie d  by a  F luke 1+05B power su p p ly  co n n ec ted  th ro u g h  an RC netw ork  
(EC = 60 s e c ) .  The AC in p u t t o  th e  power su p p ly  was r e g u la te d  by a  
Sorensen  R1010 AC r e g u la to r .  See F ig u re  7 .
lU
A 6" x  6" s c i n t i l l a t o r  was p la c e d  im m ed ia te ly  in  f r o n t  o f  th e  
G e(L i) and was u sed  as a  ch arged  p a r t i c l e  a n t ic o in c id e n c e .  However, 
th e r e  w ere no p e r c e p t ib l e  d i f f e r e n c e s  betw een s p e c t r a  tak en  w ith  and 
w ith o u t t h i s  d e te c to r  in  a n t ic o in c id e n c e .
The g a te d  ^ - r a y  s ig n a l s  w ere d i g i t i z e d  by a  m u ltic h a n n e l 
a n a ly z e r  (a  K ic k so r t 711 f o r  th e  C, N, and S t a r g e t s ,  and a  N o rth ern  
S c i e n t i f i c  NS 720 f o r  th e  Na and Ca t a r g e t s ) .  S p e c tra  a s s o c ia te d  w ith  
two d i f f e r e n t  t im in g  a rrangem en ts  (s e e  S e c tio n  D) w ere ro u te d  in to  
s e p a ra te  20H 8-ehannel a n a ly z e r  r e g io n s . O v e ra l l  system  g a in  was s t a b i l ­
iz e d  by means o f  an O rtec Ul9 p r e c is io n  p u ls e  g e n e ra to r  and a  d i g i t a l  
s t a b i l i z e r  (a  K ic k so r t 353 N o r a  N o rth ern  S c i e n t i f i c  NS U5U f o r  th e  
r e s p e c t iv e  a n a ly z e r s ) .
The ^ - r a y  en erg y  a n a ly s is  system  was c a l i b r a t e d  f o r  energy
60 228and e f f ic ie n c y  w ith  r a d io a c t iv e  s o u rc e s ,  p r im a r i ly  Co and Th.
Logic p u ls e s  from  th e  c o n s ta n t  f r a c t i o n  d is c r im in a to r  g a te d  th e  a n a ly z e r  
so t h a t  i t  would count a l l  ^  ra y s  o b se rv ed  by th e  G e (L i) . T h is  e l im i ­
n a te d  th e  p o s s i b i l i t y  o f  a  g a in  s h i f t  a r i s i n g  from  tu r n in g  th e  a n a ly z e r  
g a te  o f f .  The energy  c a l i b r a t i o n s  w ere doub le  checked w ith  th e  p o s i t io n s  
o f  $ - r a y  peaks w hich w ere ex p ec ted  t o  be s t r o n g ly  e x c i te d  in  th e  r e ­
s p e c t iv e  ex p e rim en ts . The 511-keV l i n e  w as, o f  c o u rs e , common t o  a l l  
ru n s . A ll  o f  th e  ex p erim en ts  w ere c o n s i s te n t  w ith in  2 keV w ith  th e  
energy  c a l i b r a t i o n s  o b ta in e d  from  s o u rc e s ,  w hich a re  g iv en  in  T ab le  3 .
The e f f ic ie n c y  c a l i b r a t i o n  was perfo rm ed  w ith  two s e p a ra te
^ C o  s o u rc e s , each  o f  w hich had a  s t r e n g th  o f  5 ^  c u r ie s  (±10$) on 
37Jan u a ry  20 , 1971 , f o r  d e te rm in in g  a b s o lu te  e f f i c i e n c i e s  a t  1173 and 
oo A
1332 keV. A Th so u rce  was u sed  to  d e te rm in e  r e l a t i v e  e f f i c i e n c i e s  
o v e r a  much w id e r ra n g e , 238 to  261^ keV.
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A ll  th r e e  so u rces  were p ro v id e d  "by th e  SREL equipm ent p o o l .
The e f f i c i e n c y  curve so o b ta in e d  from  so u rce  ru n s  ta k e n  on June  6 ,  19jb  
i s  g iv en  in  F ig u re  8 . T h is i s  in  good agreem ent w ith  th e  e f f i c i e n c y  
fu n c tio n  o f  th e  same d e te c to r  as d e te rm in ed  by  B. J .  L ie b , who perform ed
•  + 38a  p r i o r  ex p erim en t.
S e v e ra l f a c to r s  c o n tr ib u te d  to  p o s s ib le  e r r o r s  in  th e  a b so lu te  
d e te c to r  e f f i c i e n c y .  These in c lu d e  ( l )  th e  10$ u n c e r ta in ty  in  th e  
s t r e n g th  o f  th e  ^ C o  s o u rc e s , ( 2 ) th e  % ra y s  from  TT“ in t e r a c t io n s  came 
from  a l l  p a r t s  o f  a  6" x  611 s e c t io n  o f  th e  t a r g e t  and n o t j u s t  from  i t s  
g e o m e tr ic a l  c e n te r ,  as was th e  case in  th e  so u rce  ru n s  ( t h i s  c o u ld  i n ­
c re a s e  th e  e f f ic ie n c y  by a s  much as 5%), ( 3 ) s l i g h t  v a r ia t io n s  i n  th e  
G e(Li) p o s i t io n  w ith  r e s p e c t  t o  th e  t a r g e t  r e s u l t i n g  from  i t s  b e in g  
moved when th e  l iq u id - n i t r o g e n  dewar was r e f i l l e d  (a  1 cm d i f f e r e n c e
co u ld  in tro d u c e  an e r r o r  o f  7%), and (^ ) an a n a ly z e r  dead  tim e  w hich
v a r ie d  from  0 t o  3$ d epend ing  on so u rce  i n t e n s i t y .  A lthough a d d i t io n  
o f  th e s e  p o s s ib le  e r r o r s  in  q u a d ra tu re  gave a  n e t  e r r o r  o f  13$, to  be 
c o n s e rv a t iv e , an e r r o r  o f  +20$ was a ss ig n e d  t o  th e  a b s o lu te  e f f ic ie n c y  
c a l i b r a t i o n .  R e la t iv e  e f f i c i e n c i e s ,  how ever, were much more p r e c i s e ,  
b e in g  l im i te d  by th e  s t a t i s t i c a l  e r r o r s  in  th e  in d iv id u a l  H - r a y  peak
a re a s  and th e  accu racy  o f  th e  com puter f i t t i n g  p ro c e d u re .
D. Logic and Tim ing C ir c u i t s
A b lo c k  d iagram  o f  th e  e l e c t r o n i c s  employed in  th e s e  e x p e r i­
m ents i s  g iv en  in  F ig u re  9* The c e n t r a l  f e a tu r e  was th e  jf- r a y  s p e c t ro s ­
copy system  d e sc r ib e d  in  S e c tio n  C. The p u rp o se  o f  th e  a u x i l i a r y  lo g ic
and tim in g  c i r c u i t r y  was t o  d is c r im in a te  $ ra y s  in  prom pt co in c id en c e
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w ith  p io n  a b so rp tio n  e v e n ts  (123^) from background r a d i a t i o n  and decays 
o f  lo n g - l iv e d  { ' t ’ ^  5 n se c )  s t a t e s  o f  d a u g h te r  n u c l e i . T h is was done 
by sen d in g  - r a y  p u ls e s  from th e  a m p l i f ie r  t o  a  c o n s ta n t  f r a c t io n  d i s ­
c r im in a to r  (CFD), w hich p roduced  HIM lo g ic  p u ls e s  when th e  ^  s ig n a l s  
reach ed  a  c o n s ta n t f r a c t i o n  o f  t h e i r  maximum h e ig h ts ,  th u s  re d u c in g  con­
s id e r a b ly  th e  tim e  s lew in g  w hich would have o c cu rred  w ith  an o rd in a ry  
d is c r im in a to r .
A tim e - to -a m p litu d e  c o n v e r te r  (TAC) a c c e p te d  p io n  s to p  p u ls e s  
(1235) a s  START s i g n a l s ,  and th e  CFD o u tp u t as STOP s ig n a l s .  The r e s u l t ­
ing  t im in g  s p e c t r a ,  such  as t h a t  f o r  th e  s u l f u r  experim en t shown in  F ig ­
u re  1 0 , w ere accum ulated  by a  N u c lea r D ata  m u ltic h a n n e l a n a ly z e r .  These 
s p e c tr a  c o n ta in e d  la r g e  peaks ab o u t ^0 nanoseconds w ide co rre sp o n d in g  t o  
prompt e v e n ts ,  w ith  f l a t  re g io n s  co rre sp o n d in g  to  a c c id e n ta ls  on b o th  
s id e s .
The p ro m p t-ev en t peak  and a  b road  f l a t  re g io n  p re c e d in g  i t  
were s e le c te d  by two s in g le -c h a n n e l  a n a ly z e rs  (SCA 's) as  th e  "o n -tim e"  
and " o f f - t im e "  s e c t i o n s ,  r e s p e c t iv e ly .  The SCA's produced  lo g ic  p u ls e s  
which r o u te d  th e  prom pt and a c c id e n ta l  ){ - r a y  p u ls e s  i n to  t h e i r  r e s p e c ­
t i v e  20U8-c h a n n e l h a lv e s  o f  th e  energy  a n a ly z e r .
In  o rd e r  t o  m a in ta in  d i g i t a l  s t a b i l i z a t i o n  th e  p u ls e r  d i s c r i ­
m in a to r o u tp u t was fe d  i n to  th e  o f f - t im e  ro u t in g  th ro u g h  a  lo g ic a l  OR 
c o n n e c tio n . A s im i la r  OR fo r  th e  CFD o u tp u t was a c t iv a te d  f o r  c a l i b r a ­
t io n  ru n s  w ith  s o u rc e s .
The a n a ly z e r  was g a te d  by  th e  o u tp u t o f  an OR lo g ic  u n i t  w ith  
in p u ts  from  b o th  th e  on -tim e  SCA and th e  o f f - t im e /p u ls e r  lo g ic  u n i t .
The accum ula ted  co u n ts  from S I ,  from  th e  12 l o g i c a l  AND, and 
from th e  123 and 123^ ANTI's w ere re c o rd ed  on s c a le r s  and th e se  w ere
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re a d  a t  th e  end o f  each  ru n . The number o f  TT s to p s  i n  each  e x p e r i ­
ment i s  g iv en  in  T ab le  k.  The 123^ o u tp u t was a ls o  co n n ec ted  to  a  r a t e -  
m e te r , w hich was u sed  in  m axim izing th e  beam r a t e  th ro u g h  f in e  a d ju s t ­
m ents in  magnet c u r r e n ts .
E. D ata  C o lle c tio n
l .  rr~ + 12c
T his experim en t was f i r s t  perform ed  in  Decem ber, 1971 w ith  a 
N u c lea r D ata a n a ly z e r  w hich was borrow ed from  th e  L ab o ra to ry  o f  N uclear 
S cience  o f  th e  M assach u se tts  I n s t i t u t e  o f  Technology. The d a ta  were 
w r i t t e n  on to  m agnetic  ta p e  and t r a n s f e r r e d  to  card s  by th e  IBM 36o/l*U 
com puter a t  SEEL, and were a n a ly z e d  as  d e s c r ib e d  in  C hap ter I I I .  When 
t h i s  a n a ly s is  was p e rfo rm ed , how ever, i t  in d ic a te d  a  l a r g e ,  b ro a d  peak 
a t  1023 keV, which co rre sp o n d s  to  th e  f i r s t  T ~ 1 l e v e l  o f  ^ B .  The 
e x c i t a t io n  o f  such  a  s t a t e  was in  d isag reem en t w ith  a  c o n je c tu re  based
upon th e  r e s u l t s  o f  an analogous experim en t on 0 , in  w hich th e  f i r s t
1^ 39T = 1 s t a t e  o f  N was o n ly  v e ry  w eakly e x c i t e d .  Because o f  s u s p i­
c io n s  as t o  th e  n a tu re  o f  t h i s  p eak , th e  carbon  experim en t was re p e a te d  
in  A ugust, 1972. A two-week ru n  p ro v id e d  s u f f i c i e n t  s t a t i s t i c s  to  r e ­
so lv e  th e  ap p a ren t la r g e  b ro a d  peak  in to  two p e a k s , th e  1023-keV ^ B  
l i n e ,  w hich was now red u ced  in  a r e a  to  o n ly  m a rg in a lly  more th a n  t h a t
n e c e s sa ry  to  accoun t f o r  fe e d in g  from  h ig h e r  l e v e l s ,  and th e  1013-keV 
27l i n e  o f  A l, a p p a re n tly  a  co n tam in an t r e s u l t i n g  from  e x c i t a t io n  o f  th e
aluminum c a s in g  o f  th e  G e(Li) d e te c to r  and o th e r  aluminum s t r u c tu r e s  in
27th e  e x p e r im e n ta l a re a . T h is Al peak ap p ea rs  in  th e  s p e c t r a  o f  a l l  
f iv e  r e a c t io n s  s tu d ie d  in  t h i s  work. The d e t a i l s  o f  th e  d a ta  a n a ly s is  
a re  g iv en  in  C hap ter I I I .
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2 . TT“ + 3\
T h is experim en t was f i r s t  p erfo rm ed  in  A p r i l ,  1971» w ith  th e
equipm ent d e sc r ib e d  e a r l i e r  in  t h i s  c h a p te r ,  e x ce p t t h a t  a  K ic k so r t ADC
and th e  SEEL IBM 360/1+U com puter w ere  u sed  as  an a n a ly z e r .  The r e s u l t s
12in d ic a te d  t h a t  th e  1^39-keV l i n e  o f  C was s t r o n g ly  e x c i t e d ,  in  f a c t  
i t  was th e  o n ly  l i n e  observed  e x c e p tin g  co n tam in an ts . However, th e  tim ­
in g  was bad  and th e  o n -tim e  and o f f - t im e  s p e c t r a  w ere in d is t in g u is h a b le .  
T h e re fo re  th e  experim en t was r e p e a te d  in  Ja n u a ry , 197 3 , w ith  th e  K ic k so r t 
711 a n a ly z e r . The r e s u l t s  w ere c o n s i s te n t  w ith  th e  e a r l i e r  run  and a re  
g iv en  in  C h ap ter I I I .
An a tte m p t was made p r i o r  t o  t h i s  1973 ru n  t o  f a b r i c a t e  a  
s u i t a b le  l i q u i d  n i t r o g e n  t a r g e t .  Such a  t a r g e t  w ould r e q u i r e  b o th  th in  
w a lls  (so  t h a t  th e  p io n s  would s to p  in  th e  n i t r o g e n  and n o t in  th e  w a lls )  
and s u f f i c i e n t  in s u l a t i o n  to  p re v e n t r a p id  b o i l i n g .  S e v e ra l s ty ro fo am  
c o n ta in e rs  w ere f a b r i c a te d ,  b u t th e  s e a l s  came a p a r t  when th e y  w ere f i l l ­
ed w ith  n i t r o g e n .
A f te r  hav ing  th e s e  d i f f i c u l t i e s  i t  was d ec id ed  to  use  th e  s o l id  
powder Li WHg as  a n i t r o g e n  t a r g e t .  T h is has th e  ad v an tag es  o f  s u f f i c i -
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e n t  d e n s i ty  a t  room te m p e ra tu re  (1 .1 7 8  gm/cm ) ,  and no bound e x c i te d
s t a t e s  o f  any p o s s ib le  d a u g h te r  n u c le i  r e s u l t i n g  from  Tf a b so rp tio n  on
l i th iu m  and (o f  c o u rse )  hydrogen . Thus a l l  ^ r a y s  r e s u l t i n g  from IT
a b so rp tio n  on th e  t a r g e t  cou ld  be a s s o c ia te d  w ith  n i t r o g e n .
L i NH2 d o e s , how ever, have th e  d isa d v a n ta g e  t h a t  th e  a b so lu te
lHy ie ld s  o f  s t a t e s  o f  d au g h te r n u c le i  from  a b s o rp tio n  on N co u ld  n o t be
de term in ed  a c c u ra te ly .  T his i s  b ecau se  an unknown f r a c t io n  o f th e  p io n s
1^abso rb  on th e  l i th iu m  and hyd ro g en , and th e  y ie ld s  from  N in te r a c t io n s
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can n o t "be n o rm a liz e d  to  th e  s to p p ed  p io n  c o u n t. One c o u ld  u se  th e
F e rm i-T e lle r  "Z -law " ,^ °  w hich p r e d i c t s  t h a t  **7.3% o f  th e  s to p p ed  TT 
1**w i l l  absorb  on N n u c le i .  However, th e  a p p a re n t e x is te n c e  o f  m eso-
h i
atom ic p ro c e ss e s  and la r g e  m esic m o lecu les  in v a l id a te s  u se  o f  th e  Z-
law  in  system s in  w hich  th e s e  phenomena o c c u r . T h e ir  occu ren ce  in
Li HHg would re n d e r  th e  1*7-3$ f ig u r e  i n v a l id .  But th e  main p u rp o se  o f 
-  l*tth e  Tf + W ex p erim en t was t o  m easure th e  recoil-m om entum  d i s t r i b u -  
12t i o n  o f  th e  C d a u g h te r  n u c le i ,w h ic h  was u n a f fe c te d  by th e  u n c e r ta in ty  
in  a b s o lu te  y ie ld s  r e s u l t i n g  from u se  o f  th e  L i NH  ^ t a r g e t .
3 - rT~ + 23Na
T h is  ex p erim en t was i n i t i a l l y  p e rfo rm ed  in  A ug u st, 1973, b u t 
th e  r e s u l t s  w ere o f  l im i te d  v a lu e  b e ca u se  o f  p o o r energ y  r e s o lu t io n  
(a p p ro x im a te ly  10 keV a t  1332 keV ), p o o r t im in g , and p o o r s t a t i s t i c s .  
T h e re fo re  i t  was ru n  ag a in  in  J u n e , 197^» w ith o u t th e s e  d i f f i c u l t i e s .
The chem ical a c t i v i t y  o f  sodium  i s ,  o f  c o u rs e , w e ll  known, 
and i t  p re s e n te d  some m inor p ro b lem s. When th e  t a r g e t  c y l in d e r s  a r r iv e d  
in  A ugust, 1973, th e y  were im m ed ia te ly  p la c e d  in  th in  p l a s t i c  b a g s , a  
few drops o f  k e ro sen e  w ere added , and th e  b ags were th e n  t i g h t l y  s e a le d . 
T h is  k e p t them in  good c o n d it io n  th ro u g h  th e  1973 ru n , b u t th e y  w ere 
b a d ly  o x id iz e d  by Ju n e , 197**. The c y l in d e r s  w ere th u s  removed from th e  
b a g s , th e  o x ide  was sc rap e d  o f f ,  and th e y  w ere th en  im m ed ia te ly  s e a le d  
in  new p l a s t i c  b a g s .
I*. TT~ + 32S
The s u l f u r  experim en t was p e rfo rm ed  in  O c to b e r, 1972. Wo 
d i f f i c u l t i e s  w ere e x p e rien c e d  ex ce p t t h a t ,  becau se  t h i s  was done on a
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p a r a s i t e  b a s i s , th e  s c a le r  bank was removed by th e  prim e u s e r  and th e r e  
was no re c o rd  o f  th e  number o f  p io n  s to p s .  However, th e  m easured s to p ­
p in g  r a t e  (50 K /sec ) was m u l t ip l ie d  by  th e  ru n n in g  tim e  (20 h o u rs )  to  
o b ta in  an e s t im a te  o f  th e  t o t a l  p io n  s to p s  (se e  T ab le  3 ) .
The w id th  o f  th e  prom pt peak  in  th e  t im in g  spectrum  was 
ap p ro x im a te ly  25 nanoseconds. T h is was th e  b e s t  t im in g  r e s o lu t io n  ob­
ta in e d  in  t h i s  s e t  o f  e x p e r im e n ts , th e  t y p i c a l  v a lu e  in  th e  o th e r  ru n s  
b e in g  Ho nanoseconds.
— Ho5. 7T + Ca
The f i r s t  a tte m p t a t  t h i s  ex p erim en t was made in  A p r i l ,  1971)
lHim m ed ia te ly  fo llo w in g  th e  f i r s t  a tte m p ted  N ru n . The ca lc iu m  d a ta
w ere l ik e w is e  a f f l i c t e d  w ith  th e  bad  tim in g  w hich re n d e re d  th e  n i t r o g e n
r s u l t s  in v a l id .  A second a tte m p t was made in  December, 1971) immedi-
12a t e l y  a f t e r  th e  f i r s t  C e x p e r im e n t, b u t  th e  s t a t i s t i c s  w ere so poor 
th a t  o n ly  th e  v e ry  s t r o n g e s t  lo w -en erg y  peaks co u ld  be i d e n t i f i e d .  A 
t h i r d ,  s u c c e s s fu l  ru n  was perfo rm ed  in  May, 197H.
The t a r g e t  c o n s is te d  o f  ca lc iu m  tu rn in g s  w hich w ere pou red  
in to  t h in  p l a s t i c  bags and t i g h t l y  s e a le d .  Ho s i g n i f i c a n t  o x id a tio n  
was o b serv ed .
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III. DATA ANALYSIS
The d e te rm in a tio n  o f  w hich s t a t e s  o f  w hich d a u g h te r  n u c le i  a re  
e x c i te d  in  th e  11  a b so rp tio n  p ro c e s s e s  i s  o u t l in e d  in  S e c tio n  A and a  
d e ta i l e d  peak -b y -p eak  s tu d y  o f  each  sp ec tru m  i s  th e n  g iv en  in  S e c tio n  B. 
These r e s u l t s  a re  used  in  S e c tio n  C t o  compute th e  mean numbers o f  p ro ­
to n s ,  n e u tro n s ,  and n u c leo n s  e m itte d  in  th e s e  p ro c e s s e s .  D opp ler- 
b roadened  peaks a re  c o n s id e re d  in  S e c tio n  D, and S e c tio n  E i s  a -sp ec tru m - 
s t r ip p in g  a n a ly s is  in  w hich th e  t o t a l  number o f  ^ ra y s  p roduced  i s  d e ­
te rm in e d  from  th e  Compton c ro ss  s e c t io n .
A. P ro ced u res  Follow ed in  S p e c tr a l  A nalyses
Peaks w ere n o te d  in  b o th  o n - and o f f - t im e  s p e c t r a  w hich had 
been  p l o t t e d  by th e  W illiam  and Mary IBM 360/50 com puter. Peak e n e rg ie s  
w ere computed from  th e  energy  c a l i b r a t i o n  r e l a t i o n s  g iv en  in  C hap ter I I ,  
S e c tio n  C. The s p e c t r a  w ere th e n  dou b le -ch eck ed  by ex am in a tio n  o f  a l l  
re g io n s  w here p e a k s , b o th  from TT a b so rp tio n  on th e  t a r g e t s  and from
k2c o n tam in an ts , w ere e x p ec te d . T ab les  o f  n u c le a r  energy  l e v e l s  and o f
u 1+3
known o ra y s  by energy  and n u c leu s  w ere u sed  e x te n s iv e ly  m  th e s e
s e a rc h e s . O bserved le v e l s  w ere checked f o r  c o n s is te n c y  w ith  known
b ra n c h in g  r a t i o s  and i f  th e s e  w ere in  g ro s s  d isag reem en t w ith  th e  d a ta ,
th e  ass ig n m en ts  w ere r e j e c te d .
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A f te r  a l l  th e  p eak s  in  a  g iv en  sp ec tru m  w ere com piled  an d , i f  
p o s s ib l e ,  i d e n t i f i e d ,  th e y  were c u r v e - f i t t e d  in  o rd e r  t o  a c c u r a te ly  de­
te rm in e  th e  h e ig h t ,  c e n t e r ,  w id th , b ack g ro u n d , and a r e a  o f  each . T hese 
w ere com puted w ith  th e  a id  o f  th e  POLYFIT program  i n  u se  a t  th e  C o lleg e
If 5o f  W illiam  and Mary, w hich  u t i l i z e s  a  G a u ss -S e id e l l e a s t - s q u a r e s  f i t ,  
The POLYFIT fu n c t io n  i s
4- B [S (x. - Ci)] }
where N, w hich i s  th e  number o f  g a u ss ia n  f u n c t io n s  b e in g  f i t t e d  t o  th e  
g iven  d a ta  r e g io n , can be no g r e a t e r  th a n  6 . In  t h i s  co m b in a tio n  o f  
g a u ss ia n  peaks w ith  an e x p o n e n t ia l  background
Aj i s  th e  a m p litu d e  o f  th e  g a u s s ia n  p e a k ,
Cj i s  th e  c e n te r  c h an n e l o f  th e  j  g a u s s ia n ,
tinF j i s  th e  fu ll-w id th -a t-h a lf -m a x im u m  o f  th e  j  g a u s s ia n ,  
i s  th e  c e n te r  c h a n n e l o f  th e  f i r s t  g a u s s ia n ,
B i s  th e  a m p litu d e  o f  th e  b ackg round  a t  c h an n e l C^, and 
S i s  a  m easure o f  th e  s lo p e  o f  th e  e x p o n e n t ia l  background .
The p a ra m e te rs  A j , C j, F j ,  B, and  S w ere v a r ie d  so as to  m ini- 
m ize th e  %  , g iv e n  by
h  - f  (xi)
(3 -2 )
tilwhere Z. i s  th e  number o f  c o u n ts  in  th e  Z. c h a n n e l, and K i s  th e  num- 
b e r  o f  c h a n n e ls  in  th e  f i t t i n g  r e g io n .  T r i a l  v a lu e s  o f  A j , C j, F j , B , 
and S w ere s u p p l ie d  to  th e  com puter w ith  th e  d a ta  and p rogram , and
23
2
s u c c e ss iv e  ")(. m in im iza tio n  i t e r a t i o n s  were p erfo rm ed  u n t i l  each p a r a ­
m eter changed by no more th an  0 . 001% in  th e  n e x t  fo llo w in g  com p u ta tio n .
In  a  few c ase s  t h i s  s ta tu s  cou ld  n o t be r e a l i z e d  in  100 i t e r a t i o n s  and 
th e  p ro c e ss  was s to p p ed . Such p eak s  were r e f i t t e d  u s in g  d i f f e r e n t  t r i a l  
v a lu e s  u n t i l  a  con v erg en t f i t  was o b ta in e d , o r  u n t i l  i t  became obv ious 
t h a t  t h i s  was im p o ss ib le . I f  no co n v erg en t f i t  was o b ta in e d  th e  non­
converg ing  f i t s  w ere examined and  th e  b e s t  ta k e n .  I f  none were deemed 
a c c e p ta b le  th e  p a ra m e te rs  were e s t im a te d  by e y e . In  th e  r a r e  in s ta n c e s  
where t h i s  was n e c e s sa ry  e r r o r s  w ere  a ss ig n e d  v e ry  c a u t io u s ly  so t h a t  
th e  t r u e  v a lu e s  o f  th e  p a ra m e te rs  would c e r t a i n l y  f a l l  w i th in  th e  e r r o r  
l i m i t s .
The q u a n t i ty
N -  P  ’ (3- 3)
where N i s  th e  number o f  ch an n e ls  in  th e  f i t  and P i s  th e  number o f  p a r a ­
m eters  u s e d , i s  c a l l e d  th e  v a r ia n c e  o f  th e  f i t .  I t  m easures th e  q u a l i t y  
o f  th e  f i t  w ith  r e s p e c t  to  an i d e a l  f i t ,  w hich  would have a  v a r ia n c e  o f  
1 .000 . F i t s  w ith  v a r ia n c e s  g r e a t e r  th an  2 .0  w ere done o v e r  w ith  d i f f e r ­
e n t i n i t i a l  g u e sse s  a n d /o r v a r ia b le s  b e in g  h e ld  c o n s ta n t (s e e  b e lo w ), 
b u t in  some c ase s  d e s i r a b ly  s m a ll v a r ia n c e s  w ere im p o ss ib le  to  o b ta in .
In  such s i t u a t io n s  th e  b e s t  f i t  c u rv e s  were u se d  on ly  i f  th e y  f a i t h f u l l y  
rep ro d u ced  th e  d a ta .  I f  n o t ,  hand  f i t t i n g  was employed. P a r t i c u l a r  
a t t e n t io n  was p a id  to  th e  background  f i t  b ecau se  an o v e rsh o o t o r  u n d e r­
shoot o f  t h i s  cu rve  cou ld  r a d i c a l l y  a l t e r  th e  computed y i e l d .
2k
h6A reas o f  g iven  peaks w ere computed from  th e  r e l a t i o n
A R E A ^  =  /. Ofe'f A *  . <3J*>
These a re a s  w ere u sed  in  com puting th e  raw y ie ld s  o f  th e  r e s p e c t iv e  
s t a t e s .
The raw y i e ld  o f  a  g iven ^  r a y  (by raw  i t  i s  m eant t h a t  no 
c o r r e c t io n s  f o r  b ra n c h in g  and fe e d in g  have been  done) i s  g iv e n  by
In  o rd e r  to  e x t r a c t  th e  number o f  H r a y s  produced  from th e  
a re a  o f  a  g iv en  p e ak , i t  m ust be c o r r e c te d  f o r  Ge(Li ) - d e te c to r  e f f i c i ­
ency and )f - r a y  a b so rp tio n  in  th e  t a r g e t .  D e te c to r  e f f ic ie n c y  was 
acco u n ted  f o r  by d iv id in g  th e  a re a  by th e  v a lu e  o f  th e  e f f i c i e n c y  £  
o f  th e  Ge(Li) system  a t  th e  energy o f  th e  j( l e v e l  g iven  in  F ig u re  8 o f  
C hap ter I I .
T a rg e t th ic k n e s s  c o r r e c t io n s  were made by c a lc u la t in g  th e  
c o r r e c t io n  f a c to r
T  yb- /
=  _±£L -  S  (3 -6 )
X
f o r  each o f  th e  t a r g e t s  as a  fu n c tio n  o f  A - r a y  e n e rg y , w here
-  - 6 9 3
t ' / z
J u .  -  ■* ~~7-------  ) (3 -7 )
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t 2 b e in g  th e  c h a r a c t e r i s t i c  h a l f - th i c k n e s s  f o r  ^  - r a y  a b s o rp tio n  by th e
'Z
t a r g e t  m a te r ia l .  These v a lu e s  were ta k e n  from a g rap h  in  th e  N u c lea r
D ata  T a b le s , which i s  shown in  F ig u re  11. $  , i s  th e  a c tu a l  e f f e c t i v e
2
h a l f - th i c k n e s s  o f  th e  t a r g e t  e x p re sse d  in  gm/cm . T h is  f ig u r e  i s  g iv en  
f o r  each o f  th e  t a r g e t s  in  T ab le  5• ^  was c a lc u la te d  as a fu n c t io n  o f
}f - r a y  en ergy  in  s te p s  o f 200 keV, th e s e  v a lu e s  w ere p l o t t e d ,  and th e  
b e s t  smooth cu rv es  w ere drawn th ro u g h  th e  p o i n t s . The v a lu e s  o f  f o r  
each o f  th e  V - r a y  peak s  were ta k en  from  th e s e  g ra p h s . See F ig u re  12.
The a c tu a l  number o f  Y ra y s  produced  co rre sp o n d in g  t o  a  g iven  
t r a n s i t i o n  i s  th u s  g iv e n  by
(3 -8 )
The number o f  'TT' s to p p e d , , was o b ta in e d  from th e  t o t a l  
123 coun t by  c o r r e c t in g  f o r  muon c o n tam in a tio n  o f  th e  beam (s e e  C hap ter 
I I ,  S e c tio n  A). S in ce  muons w ere found t o  c o n s t i t u t e  7*3# o f  th e  beam,
hi =  — - — —  -  * (3 -9 )
7 f  , 9 2 7
The p e rc e n ta g e  raw y i e l d s ,  100 , w ere th e n  c a lc u la te d .
A f te r  th e  raw y i e ld s  fo r  t r a n s i t i o n s  w ere d e te rm in e d , th e  
c o r re c te d  y ie ld s  f o r  in d iv id u a l  s t a t e s  w ere o b ta in e d  from  c o n s id e ra t io n  
o f  th e  b ra n c h in g  r a t i o s  f o r  t r a n s i t i o n s  to  lo w er l e v e l s ,  and fe e d in g
k2from h ig h e r  l e v e l s .  The t a b l e s  o f  Endt and van d e r  Leun w ere u sed  
e x te n s iv e ly  in  th e s e  a n a ly s e s . As n o te d  p r e v io u s ly ,  a t  l e a s t  a p p ro x i­
mate agreem ent w ith  th e  p u b lis h e d  b ran ch in g  r a t i o s  was r e q u ir e d  f o r  a
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t r a n s i t i o n  i d e n t i f i c a t i o n  to  be a c c e p te d . O c c a s io n a lly  one t r a n s i t i o n  
from a  g iv en  l e v e l  co u ld  n o t be  seen  b ecau se  i t  was e i t h e r  ( l )  to o  low 
in  e n e rg y , (2 ) covered  up by  a s tro n g  l i n e ,  o r  (3 ) below  o b s e rv a tio n  
th r e s h o ld  b ecau se  o f  sm a ll b ra n c h in g  r a t i o .  In  th e s e  c a se s  th e  i d e n t i f i ­
c a t io n s  w ere a c c e p te d  i f  th e r e  w ere no a m b ig u it ie s .  The p o s s i b i l i t y  
t h a t  many a d d i t io n a l  h ig h e r  l e v e l s  were e x c i t e d  b u t w ere below  th e  t h r e s ­
ho ld  o f  o b s e rv a tio n  may acco u n t in  whole o r  in  p a r t  f o r  th e  r e l a t i v e l y  
la rg e  y i e ld s  o f  th e  2 l e v e l s  o f  even-even  n u c l e i ,  becau se  h ig h e r  l e v e l s  
te n d  v e ry  s t ro n g ly  t o  cascade  th ro u g h  th e s e  s t a t e s  (s e e  C hap ter IV , 
S e c tio n  B ).
B. D e te rm in a tio n  o f  Y ie ld s  o f  S ta te s  o f  D augh ter N u c le i
In  t h i s  s e c t io n  th e  a n a ly se s  o f  t h e  in d iv id u a l  l i n e s  o f  th e  
e x p e r im e n ta l s p e c t r a  a re  g iv e n , ex cep t f o r  n i t r o g e n ,  w hich i s  in  S e c tio n
D.
1 . Carbon
The o n -tim e  and o f f - t im e  s p e c t r a  from  th e  D ecem ber, 1971)
— IPTT + C ex p erim en t a re  shown in  F ig u re s  13 and 1 ^ , r e s p e c t iv e ly .  Four 
peaks w hich  c o u ld  be a s s o c ia te d  w ith  TT a b s o rp tio n  w ere o b se rv ed , and 
t h e i r  e n e r g ie s ,  i d e n t i f i c a t i o n s ,  a r e a s ,  c o r r e c te d  a r e a s ,  and raw y ie ld s  
a re  g iv en  in  T ab le  6 . The f i t  o f  th e  717-keV peak i s  shown in  F ig u re  
13.
A peak  was o b serv ed  a t  2151* keV, w hich co rre sp o n d s  to  th e  
t r a n s i t i o n  from th e  215k keV s t a t e  o f  t o  i t s  ground s t a t e ,  b u t th e  
s t a t i s t i c s  w ere to o  po o r to  o b ta in  a  f i t .  I t s  c o n tr ib u t io n  was in f e r r e d  
from th e  o th e r  t r a n s i t i o n s  o f  th e  215** keV s t a t e  w hich w ere s e e n , and
1*7
from th e  b ra n c h in g  r a t i o s  o f  Young and Hornyak to  be l . lk % .
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The raw y i e ld s  w ere c o r r e c te d  f o r  b ran ch in g  and fe e d in g  and 
th e  t r a n s i t i o n  scheme in  F ig u re  l 6 was i n f e r r e d .  From t h i s ,  s u b t r a c t io n s  
f o r  fe e d in g  w ere made. W ith e r r o r s  added in  q u a d ra tu re , t h i s  gave th e  
d i r e c t  y ie ld s  l i s t e d  in  T able  7« N ote t h a t  th e  e x c i t a t i o n  o f  th e  17^0- 
keV <0+ , l )  l e v e l  i s  o n ly  m a rg in a lly  above i t s  s t a t i s t i c a l  e r r o r .  Add­
in g  th e  c o r r e c te d  y ie ld s  and t h e i r  e r r o r s  ( in  q u a d ra tu re )  g iv e s  a n e t  
y i e l d  f o r  from 'Tf" a b s o rp tio n  on ^2 C o f  (13*83 ± .1+0)#.
2 . Sodium
The o n -tim e and o f f - t im e  s p e c t r a  from th e  J u n e , 197*+ TT +
pO
Na. ex perim en t Eire shown in  F ig u re s  17 and 1 8 , r e s p e c t iv e ly .  The 
peaks w hich co u ld  be a s s o c ia te d  w ith  prom pt ^ ra y s  from  TT a b so rp ­
t i o n  on 2^Na a re  l i s t e d ,  a long  w ith  t h e i r  v a lu e s  o f  Ny , Ny x ,
and raw y i e l d s ,  in  T ab le  8 . As an exam ple, th e  f i t  f o r  th e  l 6li+- and
19 201633-keV p eak s from F and We, r e s p e c t iv e ly ,  i s  g iv en  in  F ig u re  20 , 
and th e  r e s u l t a n t  c o r r e c te d  y ie ld s  a re  in  T able 9* These a r e  summarized 
by d a u g h te r  n u c le i  in  T ab le  1 0 , and by mass number A o f  d a u g h te r  n u c le i  
in  T ab le  11 . The l a t t e r  i s  p r e s e n te d  in  h is to g ra m  form  in  F ig u re  21.
The t o t a l  y i e l d ,  summed o v er a l l  o b se rv ed  s t a t e s  o f  d a u g h te r  n u c le i ,  was 
(3 1 .3  ± 2 . 1 )# .
3• S u lfu r
The o n -tim e  and o f f - t im e  s p e c t r a  from th e  O c to b er, 1972,
-  32TT + s  ex perim en t a re  shown in  F ig u re s  22 and 2 3 , r e s p e c t iv e ly .  The
peaks w hich cou ld  be  a s s o c ia te d  w ith  prom pt ^ ra y s  from iT  a b so rp tio n
on ^2S a re  l i s t e d ,  a lo n g  w ith  t h e i r  v a lu e s  o f  , and raw
y ie ld s ,  in  T ab le  12 . The f i t  f o r  th e  1779-keV and 1809-keV peaks from  
28 26Si and Mg, r e s p e c t iv e ly ,  i s  g iven  in  F ig u re  2k.
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The raw y i e ld s  w ere c o r r e c te d  f o r  b ra n c h in g  and fe e d in g . The
OQ AQ 26
l e v e l  schem es f o r  P ,  S i , and Mg, shown in  F ig u re  2 5 , w ere u se d  in  
th e s e  c o m p u ta tio n s , w hich p ro d u ced  th e  c o r r e c te d  y i e l d s  in  T ab le  13 .
These a re  sum m arized by d a u g h te r  n u c le i  in  T ab le  lU , and  by mass number 
A o f  d a u g h te r  n u c le i  i n  T ab le  15 . The in fo rm a tio n  in  th e  l a t t e r  i s  a ls o  
p re s e n te d  in  h is to g ra m  form  in  F ig u re  26 . The t o t a l  y i e l d ,  summed o v e r 
a l l  o b se rv e d  s t a t e s  o f  d a u g h te r  n u c l e i ,  was (37*5 ± 1 .2 ) # .
U. Calcium
The o n -tim e  and o f f - t im e  s p e c t r a  from  th e  May, 197^>'Tf + ^ C a
e x p erim en t a re  shown in  F ig u re s  27 and 2 8 , r e s p e c t iv e ly .  The peaks w hich 
c o u ld  be i d e n t i f i e d  w ith  prom pt ^ ra y s  from  Tf a b s o r p t io n  on ^ C a  a re  
l i s t e d ,  a lo n g  w ith  th e  c o rre sp o n d in g  v a lu e s  o f  Ny , Wy x , and raw
y i e l d s ,  in  T ab le  16 . One p e a k , w ith  a  3.1^/£ y i e l d  a t  117^ keV, c o u ld  
n o t  be i d e n t i f i e d .  T hree a p p a re n t p e a k s , to o  sm a ll t o  g iv e  co n v e rg en t
f i t s ,  w ere a l s o  o b se rv e d . T hese w ere th e  2523-keV l i n e  from  th e  f i r s t
e x c i t e d  s t a t e  o f  3%C, th e  f i f t h  e x c i t e d  s t a t e  o f  3^C1 (3710 keV ), and 
th e  s ix th  e x c i t e d  s t a t e  o f  3^C1 (3162 keV ). The f i t  f o r  th e  1729-keV 
( 3?C1) and 1779-keV (2 ^ S i) peaks i s  g iv e n  in  F ig u re  29> and t h a t  f o r
th e  1970 keV { A r) peak  i s  in  F ig u re  30.
39 38The c o r r e c t io n s  f o r  b ra n c h in g  and fe e d in g  in  A r, A r, and
36Ar r e q u i r e d  e x p l i c i t  a d d i t io n  and s u b t r a c t io n  o f  raw  y i e l d s , and th e  
l e v e l  schemes o f  th e s e  n u c le i  a re  g iv en  in  F ig u re  31 . These c o r r e c t io n s  
p ro d u ced  th e  y i e l d s  g iv en  by l e v e l ,  d a u g h te r  n u c le u s ,  and mass number in  
T ab les  1 7 , 1 8 , and 19> r e s p e c t iv e ly .  The y i e l d  by m ass-num ber h is to g ra m  
i s  F ig u re  32. The t o t a l  y i e l d ,  summed o v e r a l l  o b se rv ed  s t a t e s  o f  
d a u g h te r  n u c l e i ,  was (29*9  ±
29
There i s  an am bigu ity  in  th e  assignm ent o f  th e  1267-keV peak
39 31t o  th e  f i r s t  e x c i te d  s t a t e  o f  A r. The f i r s t  e x c i te d  s t a t e  o f  P
(1266 keV ), th e  second e x c i te d  s t a t e  o f  ^ S i  (3^98 -  2235 keV = 1263
keV ), and th e  f i r s t  e x c i te d  s t a t e  o f  ^ S i  (1273 keV) a re  a l l  s u f f i c i e n t ­
l y  c lo s e  to  1267 keV t h a t  any one, o r  some com bination  th e r e o f ,  cou ld  
p roduce th e  o b serv ed  p eak . T h e re fo re  t h i s  peak  may n o t a r i s e  from  p ro -
C. Com putation o f Mean Numbers o f  N ucleons E m itted  in  TT A b so rp tio n
where th e  Y. a re  th e  y ie ld s  f o r  th e  p a r t i c u l a r  s t a t e s ,  and A Z , , AH.  ,X I X
and AA^ a re  th e  numbers o f  p ro to n s ,  n e u tro n s ,  and n u c le o n s , r e s p e c t iv e ly ,  
by w hich th e  d a u g h te r  s t a t e  i s  removed from th e  t a r g e t  n u c le u s . These 
were computed from th e  observed  y ie ld s  f o r  sodium , s u l f u r ,  and ca lc iu m , 
and th e  r e s u l t s  a re  l i s t e d  in  Table 20.
39d u c tio n  o f  A r.
The av erag e  numbers o f  p r o to n s ,  n e u tro n s ,  and n u c leo n s  e m itte d
p e r  observ ed  TT a b so rp tio n  r e a c t io n  a re  g iv en  by
(3-1 0)
) and (3 -11)
) (3- 1 2 )
D. A n a ly s is  o f  D oppler-B roadened  L ines
D oppler b ro ad en in g  o f  V -ra y  l i n e s  i s  o b serv ed  when th e  e m it­
t i n g  n u c le i  a re  moving r a p id ly ,  and hence th e  l i n e  shapes o f  such  t r a n s i ­
t io n s  c o n ta in  im p l i c i t l y  th e  r e c o i l  momentum d i s t r i b u t i o n  o f  th e  n u - 
39c l e i ,  w hich i s  e q u a l  to  th e  sum-momentum o f  th e  p a r t i c l e s  e je c te d  by 
th e  n u c le i  in  th e  r e a c t io n  le a d in g  t o  th e  e x c i t e d  s t a t e .  The )!- r a y  
energy  s h i f t  i s
A  V -  t  Y K 0A E. = --- 7 7  ) (3 -13)
/ A  C
where E y  i s  th e  en erg y  o f  th e  u n s h i f te d  p e a k , K th e  momentum o f  th e  
e m it t in g  n u c le u s , M i t s  m ass, and  6  th e  an g le  betw een th e  n u c le a r  v e lo ­
c i t y  and th e  d e te c to r  d i r e c t i o n .  I f  i t  i s  assum ed th a t  th e  momentum 
d i s t r i b u t i o n  o f  th e  r e c o i l in g  n u c le i  i s  s p a t i a l l y  i s o t r o p i c ,  and th a t  
th e  il ra y s  a re  e m it te d  i s o t r o p i c a l l y  w ith  r e s p e c t  to  th e  momenta ( t h i s  
i s  s t r i c t l y  t r u e  o n ly  f o r  decay o f  J  = 0,% s t a t e s ,  b u t i s  e x p ec ted  to
U8 \be ap p ro x im a te ly  v a l i d  in  g e n e r a l  ) ,  th e n ,  f o r  each v a lu e  o f  K, a  l i n e  
t h a t  w ould have been  a  d e l ta  fu n c t io n  i f  K -  0 becomes a  r e c ta n g le  b e ­
tween th e  l im i t s  ± . The a c tu a l  l i n e  i s  a  s u p e rp o s i t io n  o f  such
M e
r e c ta n g le s  w e ig h ted  by  th e  d i s t r i b u t i o n  o f  momenta. The i n t e n s i t y  o f  a  
peak a t  a  d is ta n c e  AE / from i t s  c e n te r  i s  made by c o n tr ib u t io n s  from  
a l l  momenta g r e a te r  th a n
A ll th e  c o n t r ib u t io n s  from  K < K /  a re  found  c lo s e r  to  t h e  c e n te r  th a n  
A E /  . So th e  i n t e n s i t y  a t  a d is ta n c e  AE /  from  th e  p e a k 's  c e n te r  i s
/V ( A £ ')
r\ o O
c x :
J K' K f e  i K  > < 3 - 1 5 )
th e  1/K f a c t o r  g iv in g  th e  r e l a t i o n  betw een K and th e  h e ig h t  o f  th e  c o r ­
re sp o n d in g  r e c ta n g le  (b ase  x  h e ig h t  = c o n s ta n t  a r e a ) .
Suppose th e  momentum d i s t r i b u t i o n  i s  g iv en  by
i n .  <x k3, e
AK
(3 -1 6 )
whose c o rre sp o n d in g  fu n c t io n
_ j_  Aj l  , (31T)
I  K 3 "  K a I K
i s  th e  momentum d i s t r i b u t i o n  f o r  an N = L = 0 h a r m o n ic - o s c i l la to r  wave 
fu n c tio n . Then
,SL
a / ( a e ' )  e  k / q Z  ( 3 - i 8 )
and
_  t A c  ( F W H r t )  
w  A J J E s .  E - t (3 -1 9 )
i s  th e  momentum co rre sp o n d in g  to  th e  maximum v a lu e  o f F W H M  b e in g
th e  f u l l - w id th  a t  half-maximum o f  th e  peak . A r e l a t e d  q u a n t i ty ,  th e  
mean momentum, i s
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f  =  s / I Z z  Q  =  -  ' ( 3 - 2 0 )
I f  t h e  l i f e t im e  o f  th e  s t a t e  i s  s u f f i c i e n t l y  s h o r t  t h a t  slow ­
in g  down o f  th e  e x c i te d  n u c leu s  i s  n e g l i g i b l e ,  t h i s  e x p re s s io n  w i l l  g iv e  
th e  mean r e c o i l  momentum p ro v id e d  th e  o th e r  p re v io u s ly  s t a t e d  assump­
t io n s  a re  v a l id .
Some b ro ad en ed  l i n e s  o f  p h y s ic a l  i n t e r e s t  a r e ,  u n f o r tu n a te ly ,  
from t r a n s i t i o n s  o f  s t a t e s  whose l i f e t im e s  'V a re  n o t  n e g l ig ib le  com­
p a re d  w ith  th e  mean slow ing-dow n tim e  oC o f  th e  n u c leu s  in  th e  t a r g e t  
m a te r i a l .  A lthough  th e  a c tu a l  b ro ad en in g  o f  th e se  peaks i s  l e s s  th a n  
w hat i t  would be i f  th e r e  were no slow ing down, th e  mean r e c o i l  momentum 
can b e  u n fo ld e d  from th e s e  peaks i f
<x ' t  . (3-21)
T here a re  two somewhat d i f f e r e n t  approaches to  t h i s  problem  w hich , as 
w i l l  be see n , g iv e  r e s u l t s  which d i f f e r  by no more th a n  20$ in  th e  c a se s  
s tu d ie d .
1|Q
B laugrund  d e r iv e s  an e x p re ss io n  f o r  th e  r a t i o  o f  th e  o b serv ed  
mean w id th  o f  a  peak  A E ^  to  th e  mean w id th  A E y ^  o f  th e  peak  i f  p ro ­
duced by ra y s  from n u c le i  moving w ith  t h e i r  f u l l  i n i t i a l  v e l o c i t i e s  
in  th e  d i r e c t i o n  o f th e  d e te c to r  (n o te  t h a t  A E y and a re  d e f in e d
d i f f e r e n t l y  from  th e  AE and A E7 d is c u s s e d  p re v io u s ly ) :
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ASj . -  — !—  -  J L (  i + A*Gchi) — -fe   _    - j  ( 2.2.)
AEjio I +*% -#Eo\ A, d m /  ! - ( % ) z
which i s  v a l id  in  th e  ran g e
y  <; 0 . 3  32  O .S  . (3 -2 3 )
The mean slow ing-dow n tim e  i s  g iv en  by L in d h ard , S c h a r f f ,  and 
S ch i0t t ^  as
« ( r ^ )  -  x - k f  ’
(3-2U)
where
(3 -2 5 )
and
- 7  '/£>
. (3 -26 )
and a re  th e  atom ic mass number o f  th e  p r o j e c t i l e  and t a r g e t  a tom s, 
r e s p e c t iv e ly ,  Z^ and Z^ a re  th e  co rre sp o n d in g  ch arg e  num bers, and
Q
(gm/cm ) i s  th e  d e n s i ty  o f  th e  t a r g e t  m a te r ia l .  B laugrund g iv e s
£  -  °- °793 Zi'^Z^fAi+Aa.)^ i  (3-27)
K " W W W
3^and
£ = /O.3.  JiL_ , (3-2 8)
O
w here
A,  m  cz
^YY) ~  / .  * / o ^  A  i A .2,
1 " i ^ r ^ o v M T ;
(3 -2 9 )
2E i s  th e  i n i t i a l  k in e t i c  en erg y  o f  th e  r e c o i l i n g  n u c le u s , and MC i s  th e
r e s t  energy  o f  th e  e l e c t r o n .  N on-zero  v a lu e s  o f  G accoun t f o r  changes
in  d i r e c t io n  o f  th e  p r o j e c t i l e  w ith  r e s p e c t  t o  th e  d e te c to r ,  assum ing
51i n i t i a l  v e lo c i ty  d i r e c t l y  tow ard  i t .  The p io n -a b s o rp t io n  p ro c e s s ,  
how ever, h a s  no p r e f e r r e d  s p a t i a l  d i r e c t i o n  and hence G = 0 f o r  th e s e  
i n t e r a c t i o n s .  One th u s  h a s
- 4 .? y  =  1 -  . ( 3- 3 0 )
A E Xo i + rA  -A t*  ! - ( % ) *
S o lu tio n  o f  t h i s  e q u a tio n  r e q u i r e s  an i t e r a t i o n  p ro c e d u re  b ecau se  th e  
i s  dependent upon th e  i n i t i a l  momentum, w hich i s  unknown:
E = —  • (3-31>
3  nnrv
The i t e r a t i o n  can be  done b ecau se  th e  second  te rm  i s  much s m a lle r  th a n  
th e  f i r s t . can 1,0 comPu'te(  ^ w ith o u t knowing £ Q, A E y  ^ c a l ­
c u la t e d ,  a  mean momentum d e te rm in e d , and hence £  ^ com puted. T his in  
tu r n  i s  s u b s t i t u t e d  in to  Eq.. 30 , A E y  /  AE ^ Q recom puted , a new E q
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o b ta in e d , and th e  p ro c e ss  i s  r e p e a te d  u n t i l  s u c c e s s iv e  mean momenta
ag ree  w ith in  1%. T h is t y p i c a l l y  r e q u ire d  3 o r  ^ su c c e ss iv e  i t e r a t i o n s .
liftA s l i g h t l y  d i f f e r e n t  m ethod, developed  by Lew is, a l t e r s
Eq. 19:
Q  _  Me ( fwhm) 
^  Ey A
(3 -3 2 )
so
~ r  _ \T uT a. Me ( f w u m )  
T  Ey A (3 -3 3 )
1^ 8■where A i s  an a t te n u a t io n  fu n c t io n  computed by L ew is, w hich i s  depen­
d en t upon th e  r a t i o s  \ ^ f x )  and ( ^ / q )  » and w hich i s  g iven  f o r  s e v e r a l  
v a lu e s  o f  i n F ig u re  33. Kn i s  a  c h a r a c t e r i s t i c  momentum r e l a t e d
to  th e  s low ing  down o f  p r o j e c t i l e s  th ro u g h  c o l l i s i o n s  w ith  t a r g e t  a tom s, 
and i s  g iv en  b y ^
'/h
K J f ' W / c )  =  0 .5 3 7  A Z
s/ t l
>
A. Z ,
L A ^ i+AAI
(3-3U )
By i t e r a t i n g  from  th e  g raph  in  F ig u re  33 th e  v a lu e  o f  A can be 
e s tim a te d  to  w ith in  about 10$, and th e  mean r e c o i l  momentum th e n  c a lc u ­
l a t e d  from Eq. 33.
B efo re  any o f  th e s e  c a lc u la t io n s  co u ld  be c a r r ie d  o u t ,  th e  
m easured w id th  o f th e  b ro ad en ed  l i n e  had to  be c o r r e c te d  f o r  system  
r e s o lu t io n .  T h is was done by m easuring  th e  w id th  o f  a  n earb y  unbroad­
ened  peak A (from  e i t h e r  a  r a d io a c t iv e  so u rc e  o r  a  s t a t e  known to
36
have a  lo n g  mean l i f e t i m e ,  ^  >  10 c*) and s u b t r a c t in g  t h i s  in  q u a d ra ­
tu r e  from  th e  m easured  b ro a d e n e d - l in e  w id th  & E ^ :
A E  t  =  / ( A E j *  -  (  A E x ) a  . ( 3 - 3 5 )
In  th e s e  e x p e rim en ts  s i x  l i n e s  were c l e a r l y  D opp ler b ro ad en ed .
•t* *36 28F our, th e  peaks from  th e  f i r s t  2 l e v e l s  o f  Ar (1970 keV) and S i
(1779 keV) and th e  f i r s t  e x c i t e d  s t a t e  o f  ^ C 1  (1727 keV) in  th e  ^°C a ex -
+ 28 32p e r im e n t, and t h a t  f r o m 'th e  2 l e v e l  o f  S i in  th e  S e x p e r im e n t, r e ­
q u ire d  c o r r e c t io n  f o r  s lo w in g  down. The o th e r  tw o , from  th e  2+ l e v e l  o f
-10 Ik  _ qq
C (Ul+39 keV) in  th e  N e x p e r im e n t, and th e  3 /2  l e v e l  o f  Ar (1267
keV) in  th e  ^  Ca e x p e r im e n t, have s u f f i c i e n t l y  s h o r t  mean l i f e t i m e s
t h a t  no such c o r r e c t io n s  w ere n e c e s s a ry .  In  a d d i t i o n ,  th e  1719-keV
21 23t r a n s i t i o n  from  se v e n th  t o  t h i r d  e x c i t e d  s t a t e s  o f  F in  th e  Na d a ta
ap p eared  t o  be  b ro a d e n e d , b u t  th e  p re s e n c e  o f  c o n ta m in a tin g  l i n e s  on b o th
s id e s  made q u a n t i t a t i v e  a n a ly s i s  im p o s s ib le . I f  b e t t e r  s t a t i s t i c s  a re
23o b ta in e d  from  a  f u tu r e  TT + Na ex p erim en t t h i s  peak  c o u ld  p ro b a b ly  be 
r e s o lv e d  from  th e  c o n tam in an ts  w ith  s u f f i c i e n t  a c c u ra c y  f o r  a  mean r e ­
c o i l  momentum c a l c u l t i o n .
As d is c u s s e d  in  C h ap ter I I ,  S e c tio n  E, th e  o n ly  p eak  in  th e
Tf"  + sp ec tru m  w hich can be a s s o c ia te d  w ith  T f  a b s o r p t io n  on i s
12th e  l+U39-keV l e v e l  o f  C. The o n -tim e  and o f f - t im e  s p e c t r a  from  t h i s
ex p erim en t a r e  g iv e n  in  F ig u re s  3^ and 35* The f i t t i n g  o f  th e  d o u b le -
X2escape  peak  o f  th e  f i r s t  e x c i t e d  s t a t e  o f  C i s  g iv e n  in  F ig u re  3 6 .
The FWHM i s  (1 3 ^ -7  ± ^ . 6 ) keV. The d o u b le -e sc a p e  p eak  was u se d  b ecau se  
o f th e  b e t t e r  s t a t i s t i c s  and th e  p re se n c e  o f  s e v e r a l  d ropped  ch an n e ls  
in  th e  p h o to p eak  ( th e  a d d i t io n  o f  512 c o u n ts  seem ed to  c o r r e c t  t h i s ) .
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228The 26llukeV  peak  from a  Th so u rce  had  a FWHM o f  9*7 keV 
when m easu red  by th e  a n a ly s is  sy stem  im m ed ia te ly  b e fo re  t h i s  ru n . The 
b ro ad en in g  o f  an o th e rw ise  sh arp  ( d e l t a  fu n c t io n )  peak a t  Ulf-39 keV
could  th u s  be c o n s e rv a t iv e ly  e s t im a te d  a t  abou t ( l l  ± 2 )  keV. The n a -
Ip  +
t u r a l  w id th  o f  th e  C 2 d o u b le -e sc a p e  peak  i s  th e n
/ ( i 3 4 . 7 ) a - {a)* (/3V.^ ±V.6_)tL\/.
This g iv e s  a mean r e c o i l  momentum
- p  » ( I by ^ J i jr  = C $5 7 =*= . 02%) 1,
28  — 32The 1779-keV l i n e  from S i in  th e  77" + S d a ta  was b ro ad ­
ened, b u t  surmounted by a  narrow  s p ik e  a p p a re n tly  r e s u l t i n g  from fe e d -
28ing from  lo n g - l iv e d  h ig h e r  l e v e l s  a n d /o r  t r a n s i t i o n s  o f  S i d au g h ter
n u c le i  w h ich  had a lre a d y  c o m p le te ly  s to p p ed  in  th e  t a r g e t .  See F ig u re
2lt. T h is  narrow  sp ik e  ( th e  two c e n te r  ch an n e ls  o f  th e  1779-keV peak)
was s u b t r a c te d  and th e  rem ain in g  b ro ad en ed  peak  was found  t o  have a  FWHM
o f (2 3 .6  ± 3 .0 )  keV. An unbroadened  peak  a t  1369 keV ( th e  f i r s t  e x c i te d
s ta t e  o f  Mg) had a  FWHM o f  (7 .2  ± .2 )  keV and th e  26lU-keV l in e  from  a 
PPf tTh s o u rc e  had a FWHM o f  ( l l .O  ± 2 . 0 )  keV. By ta k in g  r a t i o s  a  r e s o lu ­
t io n  FWHM o f  ( 8 .6  ± . 6 ) keV was o b ta in e d  f o r  1779 keV. S u b tra c tin g  in
kg
q u a d ra tu re  gave A E y  = (2 1 .9  ± 3 .1 )  keV. The B laugrund tech n iq u e  f o r
28 . 32slow ing-dow n c o r re c t io n s  was th e n  a p p l ie d .  For S i in  S , DC = 1 .7 3  
p ic o se c o n d s , and th e  mean l i f e t im e  o f  th e  s t a t e  i s  0.68  p ic o se c o n d s .
Four s u c c e s s iv e  i t e r a t i o n s  o f  Eq. 30 converged  t o  A Ey Q = 32 .7  keV. 
B laugrund c la im s 20# a c c u ra c y  f o r  h i s  te c h n iq u e . Computing th e  mean r e ­
c o i l  momentum w ith  Eq. 2 0 , and ad d in g  e r r o r s  in  q u a d ra tu re  gave p =
(21+0 ± 2 8 )  MeV/c.
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k8The Lewis te c h n iq u e  g iv e s  f a i r  agreem ent w ith  t h a t  o f
28 32B laugrund. The c h a r a c t e r i s t i c  momentum Kn f o r  S i in  S i s  77 MeV/c, 
and Kn/Q . k .  The a t t e n u a t io n  f a c t o r  (F ig u re  33) A ^  .9 2 ,  and Eq.
33 g iv e s  p  = (290 ± 3 0 )  MeV/c, w hich ex ceed s  th e  B lau g ru n d  c a l c u l a t i o n  
v a lu e  by 17# .
hoT h e re  w ere f o u r  peaks in  th e  TT + Ca sp ec tru m  w h ich  c l e a r l y
39d is p la y e d  D o p p le r 'b ro ad en in g . The f i r s t  e x c i te d  s t a t e  o f  Ar (1267
keV) had a  FWHM o f  (20-5  ± *9) keV. S u b tr a c t in g  system  r e s o l u t i o n  in
q u a d ra tu re  gave a  c o r r e c te d  FWHM o f  (2 0 .1  ± .9 )  keV. The l i f e t i m e  o f
1+2t h i s  s t a t e  i s  n o t  known, b u t i t  was assum ed t o  be s u f f i c i e n t l y  s h o r t  
t h a t  slow ing-dow n c o r r e c t io n s  w ould n o t  be n e c e s s a ry .  A p p ly ing  Eq, 2 0 , 
p  = (291 ± 1 3 )  MeV/c; = (1.1+7 ± .0 7 )  fm- 1 . A p p ro x im a te ly  25# o f  
t h i s  l i n e ' s  s t r e n g th  a r i s e s  from  fe e d in g  by th e  lo n g - l iv e d  second  ex­
c i t e d  s t a t e  (1517 keV ), p ro v id e d  t h a t  i t  i s  c o r r e c t l y  i d e n t i f i e d  as 
a r i s in g  from  ^ A r  (se e  C h ap ter IV , S e c tio n  B 3). Ho sh a rp  c e n t r a l  s p ik e  
was p r e s e n t ,  how ever, and s u b t r a c t io n  o f  th e  fe e d in g  c o n t r ib u t io n  was 
n o t  p r a c t i c a l .  The t r u e  v a lu e  o f  th e  mean r e c o i l  momentum f o r  t h i s  
s t a t e  may th u s  be s l i g h t l y  h ig h e r  th a n  th e  291 MeV/c c a l c u l a t e d .  On
th e  o th e r  h a n d , as m en tio n ed  in  C h ap te r IV , S e c tio n  B3, t h i s  p eak  may
39n o t even a r i s e  from  A r, as a m b ig u it ie s  e x i s t  w ith  s t a t e s  from  th r e e  
o th e r  p o s s ib le  d a u g h te r  n u c le i .
The f i r s t  e x c i t e d  s t a t e  o f  ^ C 1  (1727 keV) had  a  FWHM o f  
(17.1+ ± 1 .2 )  keV w h ich , when c o r r e c te d  f o r  system  r e s o l u t i o n ,  became 
(15-9  ± 1.1+) keV. T h is  l e v e l  h a s  a  mean l i f e t i m e  o f  0 .185 p ic o se c o n d , 
so  T/oc sb .1 ,  and , from  L ew is' g ra p h  (F ig u re  3 3 ) ,  th e  a t t e n u a t io n  
f a c to r  A = 1 .3 8 .  T hen, a p p ly in g  Eq. 3 3 , p -  (191 ± 13) MeV/c; - i -  =
39
( .9 7  ± -07) fm- 1 . The B laugrund  fo rm u la  g iv e s  p = (175 ± 13) MeV/c;
= ( .89  ± .0 7 ) fm \  w hich i s  s m a l le r  th a n  th e  Lewis m ethod v a lu e
by 8 . 1+#.
The n e x t peak  t o  be c o n s id e re d  was th e  f i r s t  e x c i te d  s t a t e  o f
nO _  ilO
S i (1779 keV) in  th e  TT + Ca spectrum  (se e  F ig u re  2 9 ) . The mea­
su re d  FWHM was (2 6 .6  ± 2 . 0 )  keV, w h ich , w ith  c o r r e c t io n  f o r  system  r e ­
s o lu t io n  became (25-7  ± 2 .8 )  keV. cL = 1 . 5 8  p ic o se c o n d s , and th e  
B laugrund  i t e r a t i o n  p ro c e d u re  gave
A E * 0 =  ( 3 9 .0  ±  3 .9)
so t h a t
S  = 3o)M*\/c - = ( \ X5  ±J5)fyrrJ' .
Lew is' te c h n iq u e , w ith  Kn = 7 8 .8  MeV/c, Kn /Q ^  .2 3 , and
= 2 .3 2 , gave an a t te n u a t io n  f a c to r  A = O .8 7 , and
= ( 3 + . 0  ± so) rw /o  3 = (f. 23 ±. )
w hich i s  21# l a r g e r  th a n  th e  v a lu e  o b ta in e d  w ith  th e  B laugrund r e l a ­
t i o n s .
22# o f  th e  peak  from  th e  f i r s t  e x c i te d  s t a t e  o f  Ar (1970
keV) r e s u l t e d  from fe e d in g  from th e  lo n g - l iv e d  ( 'X^ ]> 3 p ic o se c o n d s)
second e x c i t e d  s t a t e .  T h is  narrow  s p ik e  was s u b tr a c te d  from th e  d a ta
and i t  was r e f i t t e d ,  w ith  a FWHM = (1+0.1+ ± 2 . 9 )  keV. C o rre c tio n  f o r
system  r e s o lu t io n  red u ced  t h i s  to  (3 9 .8  ± 3 . 2 )  keV. The c h a r a c t e r i s t i c
slow ing-dow n tim e oC = 1 .7 0  p ic o se c o n d s , and th e  mean l i f e t im e  ' t '  -
1+90.1+15 p ic o se c o n d s . The B laugrund c a lc u la t io n  converged  to
Uo
= ( v //o ± 3 5 ‘)Mji^c ; -4 = (a.23±.is)-frZ'
a f t e r  th r e e  i t e r a t i o n s .
1+8
A p p lic a t io n  o f  th e  Lewis te c h n iq u e , w ith  Kn = 115 MeV/c and 
K^/Q .2 2 , p r e d ic te d  an a t te n u a t io n  f a c to r  A = l . l 6 and hence
Zh =  ( 4 %S ±  to) ftiV/c ; Y =
which a re  9 -3$  g r e a te r  th a n  th e  B laugrund  method r e s u l t s .
A ll  o f  th e  mean r e c o i l  momenta c a lc u la te d  from  D o p p le r- 
b ro ad en in g  m easurem ents a re  sum m arized in  T able 21.
E. Spectrum  S tr ip p in g  A n a ly s is
A u s e f u l  b i t  o f  in fo rm a tio n  w hich may be u sed  in  fo rm u la tin g  
an u n d e rs ta n d in g  o f  (77'', K* X) r e a c t io n s  i s  th e  av erage  number o f  nu­
c le a r  ra y s  e m itte d  p e r  p io n  in t e r a c t i o n .  T h is  num ber, when c o n s id ­
e re d  in  c o n ju n c tio n  w ith  y ie ld s  o r  c ro s s  s e c t io n s  f o r  p ro d u c tio n  o f 
p a r t i c u l a r  s t a t e s  and , h o p e f u l ly ,  th e  s p e c t r a  o f  ch arg ed  p a r t i c l e s  and 
n e u tro n s ,  sh o u ld  h e lp  d e te rm in e  th e  e x c i t a t io n  o f  n u c le i  in  p io n  re a c ­
t i o n s ,  and in d ic a te  w h e th er many r e a c t io n  p ro d u c ts  a re  c r e a te d  w hich do 
n o t p roduce  }/ ra y s  d i r e c t l y  o b se rv a b le  as p h o to p eak s . The s t a t i s t i c a l  
l im i t a t i o n s  on (77% ^  X) s p e c t r a  r e s u l t i n g  from p io n  beams o f  low i n ­
t e n s i t y  and p o o r s p a t i a l  and momentum r e s o lu t io n  ( th e  l a t t e r  b e in g  
e s p e c ia l l y  d isad v an tag eo u s  in  TT” s to p p in g  ex p erim en ts  becau se  th e  
a b i l i t y  o f  a  r e l a t i v e l y  th in  t a r g e t  to  s to p  in c id e n t  p io n s  i s  q u i te
1+1
s e n s i t iv e  to  th e  energy  sp re a d  o f  th e  p io n s )  p re c lu d e  r e s o lu t io n  o f
53pho topeaks from w e a k ly -e x c ite d  s t a t e s ,  which may w e l l  he num erous.
In  o rd e r  t o  m easure th e  t o t a l  number o f  n u c le a r  ^  ra y s  p ro ­
duced in  a  g iven  ex p erim en t, th e  g ro s s  shape o f  th e  )l sp ec tru m , w ith  
a l l  pho topeaks n e g le c te d ,  was assumed t o  he th e  sum o f  a la rg e  number 
o f  ap p ro x im a te ly  r e c ta n g u la r  Compton s p e c t r a  from  Compton s c a t t e r i n g  o f 
jf ra y s  in  th e  G e(Li) d e te c to r .  B ecause th e  t o t a l  Compton a r e a  f o r  a  
t ra y  i s  much l a r g e r  th a n  t h a t  o f  th e  co rre sp o n d in g  p h o to p eak , and 
because  a n a ly s is  o f  th e  g ro ss  f e a tu r e s  o f  th e  s p e c t r a  does n o t r e q u ir e  
ta k in g  sm a ll d i f f e r e n c e s  o f  la rg e  numbers over a  sm a ll number o f  c h a n n e ls , 
t h i s  approach  sh o u ld  p ro v id e  a  more a c c u ra te  d e te rm in a tio n  o f  th e  t o t a l  
number o f  ){ ra y s  produced th a n  does a  sum o f  photopeak  y i e l d s .
The c o n tr ib u t io n  t o  th e  a r e a  A o f  a  spectrum  from Compton- 
s c a t te r e d  }f ra y s  o f  in c id e n t  energy  E i s
£ A  =  c t ( e ) ^ a /  } (3-36)
where G" (E) i s  th e  Compton c ro s s  s e c t io n  a t  energy  E and &N i s  th e  num­
b e r  o f in c id e n t  Sf ra y s  o f  energy  E. F o r s im p l ic i ty  th e  Compton s p e c t r a  
w ere assumed t o  be r e c ta n g le s  ex ten d in g  from th e  low -energy  end o f  th e  
spectrum  ou t to  th e  pho topeak  energy  E. From v i s u a l  su rveys o f  Compton 
s p e c t r a  from  th e  G e(Li) employed in  th e s e  e x p e r im e n ts , i t  was e s tim a te d  
th a t  t h i s  ap p ro x im atio n  would in tro d u c e  e r r o r s  no g r e a te r  th a n  10$.
W ith t h i s  a ssu m p tio n , th e  h e ig h t  o f  a  p a r t i c u l a r  Compton spec trum  from 
in c id e n t  ){ ra y s  o f  energy  E i s
b2
l l  =_ I k c t ( e )  M
e  E
The h e ig h t  o f  th e  g ro s s  sp ec tru m  a t  energ y  E would th e n  he
(3 -3 7 )
m  - C<r(E)J £ M
— f  cr(E) 
J  £
 ^
L
U
dE )
where dN/dE i s  th e  number o f  in c id e n t  o r a y s  w ith  en ergy
and (E + dE). D i f f e r e n t i a t i n g  t h i s  r e l a t i o n s h ip  g iv e s
1 1  -
dE
<r(E) 
E dE j
SO
1 1  _ E d-L
)dE ~ cr{£) I E
(3 -38 )
(3 -39)
(3-1+0)
(3-1+1)
and th e  t o t a l  number o f  in c id e n t  ^ ra y s  i s  th e n
ki - f AH i £  -  f  -E -  HL jN '  J IE dt- Ja-(B) *E . (3-1+2)
In  o rd e r  to  u se  th e se  r e l a t i o n s  to  o b ta in  th e  )j - r a y  s p e c t r a  
dN/dE and th e  t o t a l  number o f  ^  r a y s  N, th e  Compton c ro ss  s e c t io n  had  
t o  be computed as a  fu n c t io n  o f  e n e rg y , and th e  a b s o lu te  e f f ic ie n c y  o f  
th e  system  had to  be fo u n d . The fo rm er was done by a  FORTRAN program  
w hich computed th e  Compton c ro ss  s e c t io n  from th e  K le in -N ish in a  form ula '5^
■± _ 
A
-4 - J h u  { I
a *
1 + 3 $
( 1  + z $ y
( 3-U3 )
  8t t _ ,s“' *"25 2= 6,65  x  10 cm , th e  Thomson c ro s s  s e c -w here (j}Q — ^  . .G
t i o n ,  and }l i s  th e  r a t i o  o f  th e  ^  - r a y  energy  t o  th e  r e s t  energy  o f
4>th e  e le c t r o n .  was c a lc u la te d  in  10-keV s te p s  from  10 keV to  10 MeV
by th e  V ir g in ia  S ta te  C o llege  IBM 360/30  com puter.
The a b s o lu te - e f f ic ie n c y  d e te rm in a tio n  was made by a n a ly z in g  
228a spectrum  from  a  Th so u rce  ta k e n  w ith  th e  e x p e r im en ta l a n a ly s is  
system . The a re a s  o f  th e  583-keV and  26lh-keV  pho topeaks and t h e i r  
c o rre sp o n d in g  Compton s p e c t r a  were m easured. The r a t i o  o f  Compton a re a  
to  photopeak  a re a  was 5-76 a t  583 keV and 16 .93  a t  26 lh  keV. The r a t i o  
o f  th e se  v a lu e s  i s  2 .9 3 . The r a t i o  o f  th e  q u o t ie n ts  o f  r e l a t i v e  Compton 
c ro s s  s e c t io n s  to  pho topeak  e f f i c i e n c i e s  was a ls o  computed:
t i s t m )  x
4>(5$$)
( 5 8 3 )
( 2  t i t )
-  z . n )
where th e  e f f i c i e n c i e s  w ere ta k en  from  th e  c a l i b r a t io n s  g iv en  in  C hap ter 
I I ,  S e c tio n  C. The 15$ d i f f e r e n c e  betw een th e  two r e s u l t s ,  2 .9 3  and 
2 .h 8 , w hich id e a l ly  sh o u ld  be e q u a l ,  g iv e s  a  rough  e s t im a te  o f  th e
HH
a c c u ra c y  o f  th e  c a l i b r a t i o n  f o r  th e s e  c a l c u l a t i o n s . The p ro d u c t o f  th e  
Compton sp ec tru m  -  pho topeak  a r e a  r a t i o s  and th e  a b s o lu te  p h o to p eak
-H  - ke f f i c i e n c y  from  F ig u re  8 was I .87  x 10 a t  583 keV and 1 .0 1  x  10 a t
<£2614 keV. D iv id in g  th ro u g h  by  th e  v a lu e s  o f  from  th e  K le m -
N ish in a  fo rm u la , . U08I  and .1 8 8 3 , r e s p e c t iv e ly ,  gave c o rre sp o n d in g
1 —Uf a c to r s  o f  4 .59  x  10 and 5*35 x 10 . These d i f f e r  by th e  a f o r e -
i -itm en tio n ed  15/5, so  t h e i r  a v e ra g e , 4 .97  x  1 0 -  , was ta k e n  as t h e  b e s t  
e s t im a te  o f  th e  c o n v e rs io n  r a t i o  to  d iv id e  in to  t h e  N o b ta in e d  from  
E q .h 2 o  (where th e  CT(E) i s  t h e  r e l a t i v e  v a lu e  ) t o  g e t  t h e  a b s o lu te  
number o f  ^ r a y s .
A no ther f a c to r  f o r  w hich c o r r e c t io n s  w ere  made was t h e  number 
o f  p rom pt ^ ra y s  n o t  a s s o c ia te d  w ith  ( 7T , X) p ro c e s s e s .  Non-prom pt 
i  r a y s  were e a s i l y  acco u n ted  f o r  by s u b t r a c t in g  o f f  th e  c o n t r ib u t io n s  
from th e  o f f - t im e  s p e c t r a ,  b u t  th e  c o r r e c t io n  f o r  prom pt b ackg round  was 
more d i f f i c u l t .  The approach  ta k e n  was t o  s u b t r a c t  th e  prom pt c o n t r i ­
b u t io n  o f  a  Jf sp ec tru m  from  a  TT a b s o r p t io n  ex p erim en t on a  t a r g e t  
from  w hich  no n u c le a r  V ra y s  would be p ro d u ced , T h is  would i d e a l l y  be 
e i t h e r  hydrogen , h e liu m , o r  l i th iu m ,  b e c a u se  t h e r e  a re  no bound e x c i te d  
s t a t e s  o f  any p o s s ib le  d a u g h te r  n u c le i  from  Tf a b s o rp t io n  on th e s e  e l e ­
m en ts . ^  However, none o f  th e s e  t a r g e t s  was a v a i l a b l e ,  and th e  tf s p e c -
_ 12  12trum  from  th e  Tf  + C ru n  was u sed  i n s t e a d .  C, b e in g 'ia  l i g h t  nu­
c l e u s ,  h a s  v e ry  few p o s s ib le  bound e x c i t e d  s t a t e s  o f  d a u g h te r  n u c le i
from  'Tf a b s o r p t io n ,  and t h r e e  o f  th e s e  can  be a c c o u n te d  f o r  (s e e  S ec-
12t i o n  B ). F ig u re  37 g iv e s  th e  dN/dE sp ec tru m  from  th e  Tf + C d a ta ,
as  c a l c u la t e d  from  Eq. Hi u s in g  s te p s  o f  100 c h a n n e ls .  I n t e g r a t in g  
over t h i s  sp ec tru m  g iv es  a  t o t a l  o f  5-2 9  x l O ^  ){ r a y s ,  o r  1 2 .2  ra y s
32p e r  Tf  s to p .  L im itin g  th e  sum m ations to  t h e  e n e rg y  ran g es  i n  th e  S 
and *^Ca s p e c t r a  g iv e s  5*1 and 8 .0  prom pt b ack g ro u n d  tf r a y s ,  r e s p e c ­
t i v e l y .  But th e  c o n t r ib u t io n s  t o  t h e  Compton sp ec tru m  from th e  fo u r
i) _ 2.2
n u c le a r  6 ra y s  se e n  in  t h e  Tf  + C run  m ust n o t b e  co u n ted . These
32had  a  n e t  y i e l d  o f  1 7 .5 $ , so th e  prom pt b ack g ro u n d  f ig u r e s  f o r  S and
^ C a  a re  red u ced  t o  H.9 and  7*8 tf ra y s  p e r  T f  s t o p ,  r e s p e c t iv e ly .
— 32The dN/dE s p e c t r a  c a lc u la te d  from  Eq. Hi f o r  th e  Tf  + S 
and Tf + *^Ca d a ta  a re  g iv e n  in  F ig u re s  38 and  3 9 ,  w ith  tf - r a y  t o t a l s  
o f  5 . 6  x 1010 and 1.H5 x  101 1 , r e s p e c t iv e ly .  These gave 8 . 9  tf ra y s
p e r  Tf  s to p  f o r  and 1 2 . 3  tf r a y s  p e r  Tf  s to p  f o r  ^ C a .  S u b tra c ­
t i o n  o f  prom pt backg round  gave H.O n u c le a r  ra y s  p e r  Tf s to p  in  th e
00 1
S c a s e ,  and H.H in  the Ca c a s e .
B ecause o f  th e  s u c c e s s io n  o f  a p p ro x im a tio n s  i t  i s  d i f f i c u l t  
t o  a s s ig n  l i m i t s  o f  a c c u ra c y  to  th e s e  f i g u r e s  w ith  p r e c i s io n ,  b u t an 
e s t im a te  can b e  made by ad d in g  in  q u a d ra tu re  th e  15$ e r r o r  in  d e te rm in ­
in g  Compton e f f i c i e n c y ,  t h e  20# e s t im a te d  e r r o r  in  t h e  a b s o lu te  e f f i c i ­
ency  c a l i b r a t i o n ,  and a n o th e r  15# e r r o r  to  a c c o u n t f o r  in a c c u ra c ie s  in  
ta k in g  d i f f e r e n c e s  from th e  d a ta  t o  compute th e  dN/dE s p e c t r a .  A n e t  
e r r o r  o f  ± 30# i s  o b ta in e d . Thus t h i s  Compton a n a ly s is  in d ic a te s  t h a t
be tw een  3*0 and 5 *H n u c le a r  tf r a y s  a re  e m i t te d ,  on a v e ra g e , fo llo w in g
-  32 HOeach  Tf  a b s o r p t io n  i n t e r a c t i o n  on • S o r  Ca.
IV. DISCUSSION OF RESULTS
In  t h i s  c h a p te r  th e  r e s u l t s  o f  th e s e  ex p erim en ts  "w ill he  com­
p a re d  w ith  o th e r  e x p e r im e n ta l d a ta  and w ith  t h e o r e t i c a l  m odels in  o rd e r  
to  e x t r a c t  in fo rm a tio n  on th e  n a tu re  o f  p io n -n u c le u s  in te r a c t io n s  and 
n u c le a r  s t r u c t u r e .  E x p e rim en ta l com parisons in c lu d e  o th e r  '77' a h so rp -
Mt
t i o n  s tu d ie s ,  p io n -n u c le u s  i n t e r a c t io n s  n e a r  th e  A (1232) re so n a n c e ,
kaon a b s o rp tio n , p ro to n  and a lp h a  p a r t i c l e  r e a c t io n s  a t  in te rm e d ia te
e n e r g ie s ,  and p h o to n u c le a r  r e a c t io n s  in  th e  same energ y  ra n g e .
The d a ta  a n a ly z e d  in  C hap ter I I I ,  as w e l l  as o th e r  e x p e rim en t-
+56 —57a l  r e s u l t s  ( e s p e c ia l ly  th e  i n t e r a c t i o n  o f  77' and Tf  w ith  ca lc iu m  
n e a r  th e  A  (1232) re s o n a n c e ) , c o n ta in  a  w e a lth  o f  d e ta i l e d  in fo rm a t io n , 
such  a s  th e  p re se n c e  o f  c e r t a in  sp in  s t a t e s  and th e  absence o f  o th e r s ,  
r a t i o s  o f  tw o -nucleon  rem oval y ie ld s  and c ro ss  s e c t io n s ,  and s tro n g  ex­
c i t a t i o n  o f  even-even  n u c le i .  These d e t a i l s  w i l l  be c o n s id e re d  in  Sec­
t io n  B, a f t e r  c o n s id e ra t io n  o f th e  g ro s s  f e a tu r e s  o f  th e  s p e c t r a  o f  
d au g h te r n u c le i  in  te rm s o f  e q u il ib r iu m  d i s t r i b u t i o n  o f  th e  n u c le a r  ex­
c i t a t i o n  energy  and en su in g  s t a t i s t i c a l  e v a p o ra tio n  in  S e c tio n  A.
A. Gross F e a tu re s  o f  S p e c tra
1 . S t a t i s t i c a l  E v ap o ra tio n
One o f  th e  most s t r i k i n g  c h a r a c t e r i s t i c s  o f  th e  s p e c t r a  o f  
s t a t e s  o f  d a u g h te r  n u c le i  from  Tf~ a b so rp tio n  on th e  medium-mass- t a r g e t s  
s tu d ie d  (Na, S, and Ca, p a r t i c u l a r l y  th e  l a t t e r  tw o) i s  th e  w ide range
k6
in  th e  mass numbers o f  th e  d a u g h te rs . The a b so rp tio n  o f  a  Tf  by a
g iv en  n u c leu s  i s  ob serv ed  t o  r e s u l t  in  a  spectrum  o f  d a u g h te r  n u c le i
d i f f e r i n g  from th e  t a r g e t  by  A A v a lu e s  as sm a ll as two and as g r e a t  as
1+0tw e n ty . For exam ple, 7T a b so rp tio n  on Ca p ro d u ces  d a u g h te r  n u c le i  
38 20from  Ar t o  He w ith  com parable y ie ld s  (see  T able  1 8 ) . Q u a l i t a t iv e ly  
s im i l a r  r e s u l t s  have been  o b ta in e d  f o r  th e  i n t e r a c t i o n  o f  b o th  Tf+ and 
Tf w ith  ca lc iu m  n e a r  th e  A (1232) re so n a n c e . These a re  shown in  h i s t o ­
gram form i n  F ig u re s  ho and 1+1, r e s p e c t iv e ly .
In  o rd e r  t o  g a in  u n d e rs ta n d in g  o f th e  g e n e ra l  n a tu re  o f  p io n  
a b so rp tio n  s im p le  m odels w ere em ployed. Among th e s e  w ere (a )  e x c i t a t i o n  
o f  th e  t a r g e t  n u c leu s  w ith  l /  -  Z -  1 ,  = N + 1 ,  t o  ll+0 MeV; (b ) a
q u a s i- im p u lse  ap p ro x im atio n  w ith  two n u c leo n s removed le a v in g  an e x c i t a ­
t i o n  o f  th e  r e s u l t i n g  d a u g h te r  n u c le u s  o f  abou t 30 MeV; (c ) a  co m b in a tio n  
o f  a  and b in  v a ry in g  p ro p o r t io n s ;  and (d ) a com bina tion  o f  c p lu s  an 
adm ix tu re  o f  s in g le -n u c le o n  rem oval w ith  abou t 70-MeV r e s id u a l  n u c le a r  
e x c i t a t i o n .  A ll  o f  th e s e  w ere c o n s tr u c te d  from  r e s u l t s  o b ta in e d  from  a 
s t a t i s t i c a l  e v a p o ra tio n  c a lc u la t io n  w hich w i l l  now be d e s c r ib e d .
The n u c le a r  e v a p o ra tio n  code ALICE, d e v ise d  by M. B lann and F,
58P l a s i l ,  i s  b a se d  upon th e  s ta n d a rd  W eisskopf-Ew ing form  o f th e  s t a t -
59-62 1i s t i c a l  th e o ry  o f  n u c le a r  r e a c t i o n s ,  'w i th  th e  d i s t r i b u t i o n  o f l e v e l s  
in  r e s id u a l  n u c le i  assumed t o  be d e sc r ib e d  by a  fu n c tio n
o { e \  t )  =  ( a i  + i) p ( E ' )  , (x-D
in  w hich E /  i s  th e  e x c i t a t io n  energy  o f  th e  r e s id u a l  n u c leu s  and J  i s  
i t s  a n g u la r  momentum. The p r o b a b i l i t y  o f  p a r t i c l e  em iss io n  i s  g iv en  by
1*8
F ?  ( E *  e )  i e  =  3 f t  C T ^  £  - 0 ^  i e  ;  ^
where P^(E #, £ )d£  r e p r e s e n ts  th e  p r o b a b i l i ty  p e r  u n i t  tim e  t h a t  a  nu­
c leu s  e x c i te d  t o  energ y  E* w i l l  em it p a r t i c l e  i  w ith  an energy  betw een 
£  and ( £ + .
k  =  ,
where g^ i s  th e  number o f  s p in  s t a t e s  o f  p a r t i c l e  i ,  and nu i s  i t s  r e ­
duced m ass. ^> (E / ) / p  (E# ) i s  th e  r a t i o  o f  th e  energ y  l e v e l  d e n s i t i e s  
o f  th e  r e s id u a l  n u c leu s  a t  energy  E 7 and th e  i n i t i a l  n u c leu s  a t  E*. The 
in v e rs e  c ro s s  s e c t io n  a - v  i s  th e  c ro s s  s e c t io n  f o r  c a p tu re  o f  p a r t i c l e  
i  w ith  k in e t i c  energy  £  by th e  r e s id u a l  n u c leu s  a t  e x c i t a t io n  E /  t o  
form th e  i n i t i a l  n u c leu s  w ith  e x c i t a t i o n  energy  E*.
The d i s t r i b u t i o n  o f  l e v e l  d e n s i t i e s  in  n u c le i  w ith  e x c i t a t io n  
energy  E i s  assumed t o  be ^ - $ 5
o( E)  = c (  £ -  « . ( £ - £ )  ]  ;  ( M . )
where 8 i s  a  d isp la ce m e n t in  th e  g ro u n d - s ta te  energy  d e sig n ed  t o  accoun t 
fo r  odd-even  e f f e c t s .
B efore  Eq.. 2 and k c o u ld  be  used f o r  e x c i t a t io n - f u n c t io n  c a lc u ­
l a t i o n s ,  v a lu e s  o f  o r ,  a , and S had  t o  be  chosen from e x p e r im e n ta lm v
d a ta .  B lann and M e rk e l^  to o k  a  = 7 MeV ^  8 = o MeV f o r  odd-odd nu­
c l i d e s ,  S = 1 .U  MeV f o r  odd-even n u c le i ,  and 8 = 2 ,8  MeV f o r  even-even
n u c le i .  The in v e r s e  c ro s s  s e c t io n s  w ere d e te rm in ed  by assum ing them
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e q u a l to  g ro u n d - s ta te  c a p tu re  c ro s s  s e c t io n s
c r ^  { o , e )  =  a-X^ ( e ,  e) J (M)
and th e  0 "^ ( 0 , £  ) w ere ta k en  to  be th e  o p tic a l-m o d e l t o t a l  n o n e la s t icin v  *
c ro s s  s e c t io n s ,  ex cep t f o r  n e u tro n  n o n e la s t ic  c ro s s  s e c t io n s .  N eutron 
o p tic a l-m o d e l p a ra m e te rs  from  e l a s t i c  s c a t t e r i n g  co rre sp o n d  t o  f a i r l y  
t r a n s p a r e n t  n u c le i .  S ince  th e  n u c le i  c o n s id e re d  in  th e s e  c a lc u la t io n s  
a re  h ig h ly  e x c i t e d  th e y  sh o u ld  be more opaque th a n  g ro u n d - s ta te  n u c le i .
Thus th e  im ag in ary  p o t e n t i a l  was a r b i t r a r i l y  deepened by abou t 15 MeV
* * 66"68 f o r  lo w -en erg y  n e u tro n s .
A c o r r e c t io n  i s  n e c e s sa ry  t o  accoun t f o r  e x c i t a t io n  energy
w hich i s  t i e d  up as r o t a t i o n a l  k in e t i c  energ y  and th u s  n o t a v a i l a b le
70 71f o r  g e n e ra t in g  i n t r i n s i c  s t a t e s .  *' T h is  can be done by d e c re a s in g  
th e  e x c i t a t io n  energy  by th e  av erag e  c l a s s i c a l  r o t a t i o n a l  energy
Li.  <22- f  . / \ )  (1*—6)
^  O T x ( z )
1=0
w here th e  tra n s m is s io n  c o e f f i c i e n t s  Tj£ ( £  ) w ere c a lc u la te d  from  th e
o p tic a l-m o d e l p o t e n t i a l  and th e  r ig id -b o d y  moment o f  i n e r t i a  was c a l ­
l / 3c u la te d  assum ing R = 1 .2  A fe rm is .
The in p u t to  th e  ALICE program  in c lu d e d  th e  c h a rg e , m ass, and 
sp in  o f  th e  t a r g e t  n u c le i  and th e  in c id e n t  p a r t i c l e s ,  th e  e x c i t a t io n  
energy  d e p o s ite d  in  th e  n u c le i ,  th e  b in d in g  e n e rg ie s  f o r  a l l  e m itte d  
p a r t i c l e s ,  and th e  o p tic a l-m o d e l p a ra m e te rs . The c a lc u la t io n  p ro ceed ed  
in  th e  fo llo w in g  s te p s :
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(a )  The f i r s t  p a r t i c l e  to  he  e m itte d  was tak en  t o  he a  n e u tro n . 
The p r o b a b i l i t i e s  f o r  i t s  em iss io n  w ere c a lc u la te d  fo r  a l l  p o s s ib le  k i ­
n e t i c  e n e rg ie s  i n  0.5-MeV s t e p s ,  w ith  th e  req u irem en t t h a t  th e  r e s id u a l  
n u c leu s  have a t  l e a s t  1,0-MeV e x c i t a t i o n .
(h ) A second n e u tro n  was s e le c te d  f o r  em ission  a n d , fo r  th e  
maximum e x c i t a t i o n  rem a in in g  a f t e r  em issio n  o f  th e  f i r s t  n e u tro n ,  th e  
p r o b a b i l i t i e s  w ere c a lc u la te d  f o r  em iss io n  o f th e  second n e u tro n  a t  a l l  
p o s s ib le  k i n e t i c  e n e rg ie s .  These w ere m u l t ip l ie d  by th e  p r o b a b i l i t y  
f o r  p ro d u c in g  th e  maximum e x c i t a t io n  a f t e r  th e  f i r s t  n e u tro n  em issio n .
(c )  P ro c e ss  b was re p e a te d  u n t i l  a l l  p o s s ib le  e n e r g ie s  o f  th e  
second  p a r t i c l e  had  been c a lc u la te d  f o r  a l l  p o s s ib le  e n e r g ie s  o f  th e  
f i r s t  p a r t i c l e ,  and th e  r e s u l t  s to r e d .
(d ) The second p a r t i c l e  was changed t o  p , d , t ,  ^He, and ^He,
and s te p s  b and c r e p e a te d .
/ \ 3 4(e )  The f i r s t  p a r t i c l e  was changed to  p ,  d , t ,  He, and He,
and s te p s  b , c ,  and d re p e a te d .
The o u tp u t in c lu d e d  th e  c ro s s  s e c t io n s  f o r  p ro d u c tio n  o f 
d a u g h te r  n u c le i  o f  g iven  Z and A v a lu e s  as fu n c tio n s  o f  t h e  a n g u la r  
momentum o f  t h e  compound n u c le i ,  p lu s  th e  t o t a l  c ro ss  s e c t io n  f o r  each 
(Z, A) co m bina tion  summed o v e r  th e  a n g u la r  momentum s t a t e s .
The a l l - to o - o b v io u s  f i r s t  s te p  in  t h i s  a n a ly s is  was to  run
th e  program  w ith  an energ y  d e p o s it io n  o f  l4 o  MeV. T his was done fo r
3? HO . ib o th  S and Ca, and th e s e  r e s u l t s  a re  shown in  F ig u re s  42 and 43,
r e s p e c t iv e ly .  These o b v io u s ly  do n o t a g ree  w ith  th e  d a ta  in  F ig u re s  26 
and 32. The s p e c t r a  p roduced  by th e  ALICE code d id  n o t in c lu d e  th e  r e ­
l a t i v e l y  l a r g e  y ie ld s  o b se rv ed  e x p e r im e n ta lly  f o r  A A = 1 , 2 ,  3 , and 4 .
On th e  o th e r  hand , i t  produced l a r g e r  y i e ld s  th a n  o b se rv e d  f o r  l a r g e
32A A v a lu e s ,  e s p e c ia l l y  in  th e  S c a se . A n o th er d i f f i c u l t y ,  r e l a t e d  to  
f in e r  d e t a i l s  o f  n u c le a r  s t r u c t u r e , was t h e  d isc rep a n c y  in  y ie ld s  f o r  
even-even  v e rsu s  odd-even  and odd-odd n u c le i  betw een t h e  d a ta  and th e  
code r e s u l t s .  The d a ta  show r e l a t i v e l y  l a r g e  y ie ld s  f o r  even -ev en  nu­
c l e i ,  e s p e c ia l l y  f o r  l a r g e  A A v a lu e s ,  w h ile  th e  code r e s u l t s  show no 
s p e c ia l  p re fe re n c e . The im portance  o f  t h i s  f e a tu r e ,  w h ich  i s  d is c u s s e d  
l a t e r  i n  t h i s  s e c t io n  and in  S e c tio n  B, i s  m inim ized f o r  th e  p re s e n t  in  
the  ALICE a n a ly s i s ,  and average  y ie ld s  o v e r  re g io n s  in  w hich  A A v a r ie d  
by f o u r  w ere used  a s  c r i t e r i a  i n s t e a d  o f  th e  r a p id ly  f l u c t u a t i n g  y ie ld s  
from n u c le u s  to  n u c le u s .
Because T f  a b so rp tio n  by  n u c le i  i s  b e lie v e d  t o  occur predom - 
9
i n a n t ly  on nucleon  p a i r s  th e  n e x t  p ro c e s s  to  be c o n s id e re d  was rem oval
o f two n u c leo n s accom panied by e x c i t a t i o n  o f  th e  r e s id u a l  n u c le u s . Por
32 30com parison w ith  th e  S d a ta  th e  ALICE code was run f o r  F e x c i te d  by
OA
10, 1 5 , 2 0 , 25, 30 , 35, ^5 , 55» and 65 MeV (F ig u re  h k ) , and f o r  S i 
e x c ite d  by 1 0 , 15, 2 0 , 2 5 , 3 0 , 35 , ^ 5 a 55s 6 5 , and 75 MeV (F ig u re  ^ 5 ) . 
The ^ C a  d a ta  were compared w ith  e x c i te d  by 15 , 2 0 ,  2 5 , and 30 MeV
OO
(F ig u re  U 6), and w i th  Ar e x c i t e d  by  1 5 , 2 0 , 25 , 30 , 35 5 ^ 0 , U5 , and 
55 MeV (F ig u re  1*7). Hone o f th e s e  ta k e n  s in g ly  o r in  co m b in a tio n  g iv e  
q u a l i t a t i v e  agreem ent w ith  th e  e x p e r im e n ta l d a ta .  T h is  su g g es ts  t h a t  
a b s o rp tio n  o f  a  7T by  a  p a i r  o f  n u c leo n s  fo llow ed  by q u a s i- im p u ls e -  
ap p ro x im a tio n  e m iss io n  o f  th e  same two n u c le o n s  i s  by i t s e l f  n o t an 
adequate  d e s c r ip t io n  o f  th e  p ro c e s s . A com bination  o f  tw o -n u c leo n  ab­
s o rp tio n  and s t a t i s t i c a l  e v a p o ra tio n  p lu s ,  p o s s ib ly ,  a b s o r p t io n  on a lp h a
72 7^ 7U 75c l u s t e r s ,  * n u c le a r  Auger e f f e c t s ,  and in t r a n u c le a r  cascad es  may
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"be re q u ire d  to  a c c u ra te ly  p r e d ic t  th e  y ie ld s  o f  d a u g h te r  n u c le i .  For 
some o f  th e s e  p ro c e s s e s  no s a t i s f a c t o r y  q u a n t i t a t i v e  th e o r ie s  e x i s t ,  
and, in  any e v e n t ,  a tte m p ts  to  sum c o n tr ib u t io n s  from  a l l  o f  them would 
in v o lv e  a  s e t  o f  a d ju s ta b le  p a ram e te rs  ap p ro ach in g  in  number th e  d a ta  
p o in ts  ( y ie ld s c o f  d i f f e r e n t  d a u g h te r  n u c l e i ) .
A sim p le  m odel, d e l ib e r a t e ly  l im i t e d  t o  s t a t i s t i c a l  ev ap o ra ­
t i o n  (un ifo rm  a b s o rp tio n  o f  lHO MeV) and q u a s i- im p u lse -a p p ro x im a tio n  
p ro c e ss e s  (rem oval o f  two nucleons w ith  m inim al r e s id u a l  e x c i t a t i o n ) ,  
was c o n s tru c te d  in  o rd e r  to  d e term ine  i f  su ch  a  com bination  c o u ld  g iv e  
q u a l i t a t i v e  agreem ent w ith  th e  d a ta .  I n s p e c t io n  o f  F ig u re s  Hit th ro u g h  
Hy in d ic a te d  t h a t  e x c i t a t io n  e n e rg ie s  o f  30 MeV gave th e  b e s t  r e p r e s e n t ­
a t io n  o f  th e  sm a ll-A A  ends o f  th e  e x p e r im e n ta l s p e c t r a .  I t  was n o te d  
t h a t  th e  p r o b a b i l i t y  fo r  th e  r e a c t io n  w ould n o t m ere ly  fo llo w  a d e l t a  
fu n c tio n  a t  30 MeV, b u t would in c lu d e  a  ran g e  o f  e n e r g ie s ,  so  th e  n e t  
y ie ld s  f o r  th e  tw o -nucleon  a b so rp tio n  p ro c e ss  w ere summed from  g a u ss ia n  
d i s t r i b u t i o n s  20-MeV w ide c e n te re d  on 30 MeV. I t  was a ls o  assumed t h a t  
a b so rp tio n  o c cu rs  tw ice  as o f te n  on np p a i r s  as on pp p a i r s .  The
y ie ld s  th u s  o b ta in e d  w ere added in  v a ry in g  p ro p o r t io n s  to  th o se  produced
-  32assum ing lHO-MeV a b s o rp tio n . Those g e n e ra te d  fo r  77* a b so rp tio n  on S
from  a 757° w e ig h tin g  f o r  tw o-nucleon  a b so rp tio n  p lu s  a  25$ w e ig h tin g  f o r
lHO-MeV s t a t i s t i c a l  e v a p o ra tio n  a re  shown in  F ig u re  H8 , w h ile  F ig u re  H9
g iv e s  th e  r e s u l t s  f o r  a  50-50 m ix tu re . Analogous y ie ld s  f o r  a b so rp -
Hot io n  on Ca a re  g iv en  in  F ig u re s  50 and 51* The 50-50 m ix tu re s  g iv e
much b e t t e r  f i t s  to  th e  d a ta ,  and, o f  th e s e ,  th e  f i t  i s  c o n s id e ra b ly  
Ho 32b e t t e r  f o r  Ca th a n  f o r  S. This i s  n o t s u r p r i s in g  b ecause  th e  ALICE 
code te n d s  to  g iv e  b e t t e r  r e s u l t s  f o r  h e a v ie r  n u c le i  in  w hich s h e l l
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77e f f e c t s  a re  n o t as p ro m in en t. In  summary, q u a l i t a t i v e  agreem ent w ith  
d a ta  i s  g iv en  hy a  m odel o f  77” a b s o rp tio n  in c lu d in g  ro u g h ly  e q u a l com­
p o n en ts  o f  s t a t i s t i c a l  e v a p o ra tio n  fo llo w in g  a b so rp tio n  o f  th e  p io n 's  
r e s t  mass by th e  n u c le u s  as a  w h o le , and ap p ro x im a te ly  30-MeV r e s id u a l  
e x c i t a t io n  o f  (A-2) n u c le i  fo llo w in g  rem oval o f  two nu c leo n s by 77” ab­
s o r p t io n  on th e  p a i r .
17 p.
A s im i la r  m odel, su g g e s te d  by R. G. W in te r , c o n s id e re d  th re e  
p o s s ib le  p ro c e sse s  in  p io n  a b s o r p t io n ,  th e  two a lre a d y  u t i l i z e d  p lu s  
e je c t io n  o f  one n u c leo n  combined w ith  r e a b s o rp t io n  o f  th e  o th e r ,  whose 
k in e t i c  energy  (ro u g h ly  70 MeV) i s  th e n  sh a re d  by a l l  th e  rem a in in g  nu­
c le o n s . I t  was e s t im a te d  th ro u g h  a  c rude  g e o m e tr ic a l  a n a ly s is  o f  t h i s  
s i t u a t i o n  t h a t ,  g iv en  such  a  m odel, r e a b s o rp t io n  o f  one n u c leo n  would 
o ccu r in  abou t 50% o f  th e  e v e n ts , and t h a t  d i r e c t  e je c t io n  o f  b o th  nu­
c le o n s  and r e a b s o rp t io n  o f b o th  w ould be ap p ro x im a te ly  e q u a lly  l i k e l y .
32A pplying t h i s  t o  S , th e  s p e c t r a  o f  d a u g h te r  n u c le i  g e n e ra te d  by th e
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ALICE code f o r  lUo MeV in to  S , 75 MeV in to  ..S i, and 30 MeV i n to  J  P 
w ere combined in  a  25-50-25  r a t i o  t o  form  th e  y i e l d  h is to g ra m  o f  F ig u re  
52. T h is sp ec tru m , l i k e  a l l  th e  ALICE h is to g ra m s , c o n ta in s  an obvious 
anomaly a t  AA = 0 b ecau se  B lann and P l a s i l  c o n s tru c te d  th e  program  to  
co rre sp o n d  t o  c o l l i s i o n s  o f  e n e r g e t ic  p a r t i c l e s  ( a  5-MeV k i n e t i c  energy 
was assumed f o r  th e  IT  ) r a t h e r  th a n  a b so rp tio n  a t  r e s t .  The agreem ent 
w ith  e x p e r im e n ta l d a ta  i s  abou t as good as t h a t  f o r  th e  tw o -en erg y  50-50  
m ix tu re . The tw o-energy  m ix tu re  g iv e s  b e t t e r  agreem ent f o r  A A = 1 and 
3 , b u t th e  th re e -e n e rg y  m ix tu re  g iv e s  b e t t e r  agreem ent in  th e  AA = 10 
re g io n .
The same a n a ly s is  was done f o r  Ca by  com bining l!*0 MeV i n t o
^°C a, 55 MeV in to  ^ A r ,  and 30 MeV in to  in  th e  same 25-50-25  r a t i o
to  form  F ig u re  53. Here th e  agreem ent w ith  experim en t i s  g e n e r a l ly  n o t
q u i te  as good as f o r  th e  tw o -en erg y  m odel. I t  i s  much w orse f o r  A = 37»
b u t s l i g h t l y  b e t t e r  fo r  A = 36 and 32 . The re g io n  around  A A = 12 i s
somewhat b e t t e r  d e sc r ib e d  by th e  tw o -en erg y  m odel. In  b o th  o f  th e s e  
32 *t0c a s e s ,  S and Ca, an a r b i t r a r y  r e s h u f f l in g  o f  th e  r a t i o s  would l i k e l y
g iv e  b e t t e r  agreem ent f o r  th e  th re e -e n e rg y  m ix tu re , b u t th e  a r b i t r a r y
n a tu re  o f  such an ad ju stm en t would red u ce  i t s  s ig n i f ic a n c e .  In  summary,
q u a l i t a t i v e  agreem ent w ith  experim en t i s  seen  f o r  t h i s  m odel a l s o ,  b u t
on th e  whole n o t  q u i te  as  good as  f o r  th e  tw o -en erg y  model p ro v id e d  th e
r a t i o  i s  v a r ie d  t o  o b ta in  th e  b e s t  f i t .
As a lre a d y  m en tioned , th e r e  i s  an obvious enhancem ent in  th e
y ie ld s  o f  th e  even-even  d a u g h te r  n u c le i .  T h is  r e s u l t s  from  c asc ad in g
+
o f  almost, a l l  h ig h e r  l e v e l s  th ro u g h  th e  f i r s t  2 s t a t e .  D e ta i le d  con­
s id e r a t i o n  i s  g iv en  to  t h i s  in  S e c tio n  B, w here i t  i s  d e te rm in ed  th ro u g h  
a n a ly s is  o f  b o th  th e o ry  and e x p e rim en t, t h a t  th e  observed  y ie ld s  o f  odd- 
even and odd-odd d a u g h te r  n u c le i  a re  a p p ro x im a te ly  o n e - th i r d  what th e y  
would be. i f  th e y  were enhanced l i k e  th e  ev en -even  n u c le i .  In  o rd e r  t o  
acco u n t f o r  t h i s  sy s te m a tic  d i f f e r e n c e ,  th e  y ie ld s  o f  th e  m ost s t r o n g ly -  
e x c i te d  s t a t e  o f  th e  odd-even and odd-odd d a u g h te r  n u c le i  were m u l t ip l ie d  
by th r e e  and th e  r e s u l t i n g  y i e l d  s p e c t r a  w ere t a b u la te d .  These r e s u l t s  
a re  shown f o r  Tf “ + i n  F ig u re  5b and f o r  Tt~ + ^ C a  in  F ig u re  55*
T his c o r r e c t io n  g r e a t ly  im proves th e  agreem ent w ith  th e  r e s u l t s  from  th e
ALICE code w here a  m ix tu re  o f  lUO-MeV a b s o rp tio n  and q u a s i- im p u ls e -
32ap p ro x im atio n  p ro c e sse s  w ere assum ed, e s p e c ia l l y  in  th e  case  o f  S ,
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where th e  s t a t i s t i c s  w ere b e t t e r .  There i s  an obv ious anomaly f o r  th e
I j Q
A = 37 y i e l d  from Ca, how ever. T h is  i s  s u g g e s tiv e  o f  a  d i r e c t  i n t e r ­
a c t io n  and i s  d is c u s se d  in  S e c tio n  B, p a r t s  2 and 5*
A f u r t h e r  t e s t  o f  th e  v a l i d i t y  o f  th e  s t a t i s t i c a l  e v a p o ra tio n  
a n a ly s is  i s  to  compare e x p e r im e n ta l y ie ld s  w ith  computed y ie ld s  as 
s im u ltan eo u s  fu n c tio n s  o f  N and Z o f  th e  d a u g h te r  n u c le i .  A s tro n g  
d iv e rg en ce  o f  th e  e x p e r im e n ta l and t h e o r e t i c a l  c u rv e s  w hich fo llo w  th e  
maximum y ie ld  f o r  g iven  v a lu e s  o f  A would in d ic a te  t h a t  s t a t i s t i c a l
e v a p o ra tio n  does n o t p ro v id e  an ad eq u a te  d e s c r ip t io n  o f  p io n  a b s o rp tio n .
32The o b serv ed  y ie ld s  f o r  7T + S a s  f u n c t io n s  o f  W and  Z a re  
l i s t e d  in  T ab le  2 2 , and th e  same y ie ld s  c o r r e c te d  f o r  enhancem ent a re  
l i s t e d  in  T ab le  23. A s im i la r  l i s t  o f  th e  ALICE p r e d ic t io n s  (u s in g  th e  
50-50 m ix tu re  o f  lkO-MeV a b so rp tio n  and q u a s i- im p u lse -a p p ro x im a tio n  p ro ­
c e s s e s )  i s  g iv en  in  T ab le  2k.  S in ce  th e  ALICE r e s u l t s  a re  to  an a r b i ­
t r a r y  s c a le ,  th e  y ie ld s  w ere n o rm a lized  to  th e  e x p e r im e n ta l y i e l d  o f  th e  
(Z -  2 , N -  2 ) n u c le u s , and th o se  l e s s  th a n  0 .0 1 $  w ere o m itte d  from  t h i s
- H o  ^t a b l e .  Analogous l i s t s : f o r  Tf  + Ca a re  g iv e n  in  T ab les  2 5 , 2 6 , and
27. I t  i s  obvious t h a t  th e  g e n e ra l  t r e n d  o f  t h e  th e o ry  m atches th e  ex­
p e rim en t in  b o th  c a s e s .  E xperim ent and th e o ry  a g ree  t h a t  maximum y ie ld s
32l i e  s l i g h t l y  to  th e  n e u tr o n - r ic h  s id e  o f  th e  H = Z l i n e  f o r  b o th  S and
HoCa, and , in  t h i s  r e p r e s e n ta t io n ,  th e  ALICE code ap p ea rs  t o  g iv e  an 
ad eq u a te  d e s c r ip t io n  o f  Tf  a b s o rp tio n .
2 . O ther Computer S im u la tio n s
A nother approach  to  u n d e rs ta n d in g  th e  p ro c e s s e s  o c c u r r in g  in
79m edium -energy n u c le a r  r e a c t io n s  i s  th e  i n t r a n u c le a r  cascad e  c a lc u la t io n .
In  t h i s  a n a ly s is  th e  incom ing p a r t i c l e  i s  assum ed to  i n t e r a c t  w ith  one
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n u c leo n  a t  a  t im e . T h is i s  re a so n a b le  a t  m ed ium -to -h igh  e n e rg ie s  b e ­
cause  in  t h i s  re g io n  th e  p r o j e c t i l e ’ s w aveleng th  i s  c o n s id e ra b ly  s m a lle r
th a n  b o th  i t s  mean f r e e  p a th  and th e  mean in te rn u c le o n  d is ta n c e .  The
80n u c le u s  i s  assumed t o  be a  sp h e re  o f  c o n s ta n t  d e n s i ty  w ith  no c o n s id e r ­
a t io n  o f  th e  p o s s ib le  e x is te n c e  o f  c l u s t e r ,  o r o f  s h e l l  e f f e c t s .  W ith  
th e s e  assum ptions in t r a n u c le a r  cascad e  c a lc u la t io n s  a r e ,  l i k e  th e  ALICE 
code, more a p p ro p r ia te  f o r  m edium -to-heavy n u c le i  th an  f o r  l i g h t  n u c le i .
I n t r a n u c le a r  cascade  c a lc u la t io n s  p ro ceed  by Monte C arlo  me­
th o d s . The p o s i t io n  o f  im pact o f  th e  in c id e n t  p a r t i c l e  i s  chosen a t  
random, th e  d ep th  o f  i t s  f i r s t  c o l l i s i o n  i s  s e le c te d ,  t h i s  s e le c t io n  
b e in g  w e ig h ted  by. th e  mean f r e e  p a th ,  and th e  s t r u c k  nu c leo n  i s  chosen 
u s in g  th e  Z/N r a t i o .  I t s  momentum i s  chosen  from th e  Ferm i gas momentum 
d i s t r i b u t i o n ,  and th e  s c a t t e r in g  an g le  i s  s e le c te d  th ro u g h  w e ig h tin g  by 
th e  n u c le o n -  (o r  p io n - )  n u c leon  d i f f e r e n t i a l  c ro s s  s e c t io n .  I f  w hat r e ­
s u l t s  i s  p e rm it te d  by th e  P a u l i  e x c lu s io n  p r in c ip l e  th e  p ro c e ss  i s  a llo w ­
ed and th e  r e s u l t i n g  p a r t i c l e s  a re  fo llo w e d  th ro u g h  a l l  e n su in g  c o l l i ­
s io n s  u n t i l  a l l  th e  p a r t i c l e s  have l e f t  th e  n u c le u s . T h is e n t i r e  p ro ­
ced u re  i s  re p e a te d  many tim e s  o v e r u n t i l  s u f f i c i e n t  s t a t i s t i c s  have been  
o b ta in e d  f o r  m ean in g fu l com parison w ith  ex p erim en t. 1000 c a scad es  a r e  
t y p i c a l l y  r e q u ir e d .  A com parison o f  in t r a n u c l e a r  cascade  c a lc u la t io n s
w ith  ex p erim en t f o r  380-MeV p ro to n s  on "^As g iv e s  good r e s u l t s . ^  A
82 ^  code w r i t t e n  by  H. W. B e r t in i  was a d ap te d  by B. J .  L ieb  f o r  a p p l ic a ­
t i o n  to  i n t e r a c t io n s  o f  p io n s  w ith  n u c le i  a t  th e  A (1232) re so n a n c e .
27L ieb  o b ta in e d  re a so n a b ly  good agreem ent w ith  experim en t f o r  i t  + A l.
75Harp et_ a l .  , have d eveloped  an in t r a n u c le a r  cascade  code 
f o r  use  w ith  p io n  p r o j e c t i l e s  n e a r  th e  A ( 1232) re so n an ce  w hich e x p l i c i t ­
l y  in c lu d e s  i s o b a r  c a p tu r e ,
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A  ~t~ N i  ^ hi 2 ~f~ hi 3 ) (U—7)
and is o b a r -n u c le o n  exchange s c a t t e r i n g ,
A  i f  H  ^  A 2  *1■
4*
They c a lc u la te d  mass y ie ld s  as fu n c tio n s  o f  A  A fo r  65-MeV 1T~ + 3Cu,
o b ta in in g  agreem ent w ith  ra d io c h e m ic a l m easurem ents w ith in  a  f a c to r  o f
two f o r  th e  c ro s s  s e c t io n s  f o r  p ro d u c tio n  o f  a l l  o b serv ed  d a u g h te r  n u c le i  
62 i^5from Zn to  T i .  Zeev F rae n k e l h a s  c a lc u la te d  c ro s s  s e c t io n s  f o r  p ro -
-  Ho ?2 28 27d u c tio n  o f  d a u g h te r  n u c le i  from 220-MeV TT + Ca, S , S i ,  A l, and
ok 8H 57
Mg. His r e s u l t s ,  a lo n g 'w ith  th e  p u b lis h e d  r e s u l t s  o f  th e  e x p e r i­
m ents done a t  SREL, a re  shown in  T ab le  28. However, th e r e  was an e r r o r
DC
in  th e  e f f ic ie n c y  c a l i b r a t i o n s  o f  some o f  th e  ex p e rim en ts , and f u r th e r
Hoin a c c u ra c ie s  in  curve f i t t i n g  o f  th e  pho topeaks in  th e  Ca d a ta  have 
86been d is c o v e re d . Thus t h i s  com parison sh o u ld  o n ly  be made a f t e r  a
87c a r e f u l  r e a n a ly s is  o f  th e s e  d a ta . J .  P . S c h i f f e r  has p o in te d  o u t t h a t  
d a ta  ta k e n  a t  th e  Los Alamos Meson P h y s ic s  F a c i l i t y  do n o t a g ree  w ith  
th e  F rae n k e l c a lc u la t io n s .  However, th e  g ro ss  s t r u c tu r e  o f  th e  u n n o r-
+ _ Ho
m alized  s p e c t r a  o f  d a u g h te r  n u c le i  f o r  b o th  IT and 7T on Ca n e a r  
th e  A (1232) re so n an ce  ta k e n  a t  S R E L ,'^* '^  i s  s im i la r  t o  t h a t  f o r  T f  
a b s o rp tio n  and su g g es ts  t h a t  c a lc u la t io n s  o f  th e  form  o f  th e  in t r a n u c le a r  
cascad e  codes may be u s e f u l  in  d ev e lo p in g  f u r th e r  u n d e rs ta n d in g  o f th e  
Tf~  a b so rp tio n  p ro c e s s .
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88U ll r i c h ,  E n g e lh a rd t ,  and Lewis have analyzed  t h e i r  s p e c t r a
3- S p a l la t io n  I n t e r p r e t a t i o n
i
o f  prom pt if ray s  from  T f  a b s o rp tio n  on ^ 0 ,  ^ F ,  an d  ^ C a  in
89term s o f  an e m p ir ic a l  s p a l l a t i o n  fo rm u la  developed  by Rudstam;
<r A) *=*■ A -  a ' ( 2 -A 'k ) ) (b-9)
where p ,  r ,  and s a re  e m p ir ic a l  p a ra m e te rs  dev e lo p ed  by Rudstam.
U ll r ic h  e t  a l .  p l o t t e d  th e  sum o f th e  y ie ld s  from  each o f  th e  t a r g e t s  
which co rre sp o n d ed  to  p a r t i c u l a r  A A v a lu e s  (w ith  two even-even  and two 
odd-even t a r g e t s  t h i s  a p p a re n tly  red u ced  th e  e f f e c t  o f  a p p a re n t p r e ­
fe re n c e s  f o r  even-even  d a u g h te r  n u c le i )  a s  a  fu n c tio n  o f  A  A on sem i- 
lo g a r i th m ic  g ra p h s , p  = . 1*+, w hich co rre sp o n d s  to  a  p r o j e c t i l e  en erg y  
o f  500 MeV, gave th e  b e s t  f i t  t o  th e  d a ta ,  p  = .U3, w hich co rresponds 
t o  1^0 MeV, d id  n o t  a g ree  w ith  t h e i r  d a ta .  U l l r i c h  et_ a l . c la im  t h a t  
th e  com parison in d ic a te s  s t ro n g  s i m i l a r i t y  be tw een  r e a c t io n s  r e s u l t i n g  
from ' i f  a b so rp tio n  a t  r e s t  and s p a l l a t i o n  r e a c t io n s ,  b u t t h a t  t h e i r  
d a ta  co rre sp o n d  t o  s p a l l a t i o n  d a ta  w ith  500-MeV p r o j e c t i l e  e n e rg y , which 
im p lie s  t h a t  th e  T f  a b s o rp tio n  p ro c e s s ,  b ecau se  o f  i t s  u n iq u e  n a tu r e ,  
i s  much more e f f e c t i v e  a t  rem oving n u c leo n s  th a n  a re  o th e r  r e a c t io n s  in  
th e  same energy  ra n g e .
The y ie ld s  o f  even -even  d a u g h te r  n u c le i  from th e  Tf  a b so rp tio n  
32 ^0ex p erim en ts  on S and Ca, an an a ly zed  in  C hap ter I I I ,  a re  p lo t t e d  
s e m i- lo g a r i th m ic a l ly  as f u n c t io n s  o f  A A in  F ig u re  56. Only th e  even- 
even y i e ld s  were u se d  b ecau se  th e  2+ enhancem ent o f  th e s e  n u c le i  g iv e s  
a ssu ra n ce  th a t  th e  t o t a l  y ie ld s  o f th e s e  a re  ob serv ed . L in es  co rre sp o n d ­
in g  t o  p  = .1+3 (lUO MeV) and p  = .lU  (500 MeV) a re  drawn in  each . The
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S d a ta  g iv e  " b e tte r  agreem ent w ith  th e  p  = .U3 l i n e ,  w h ile  th e  Ca
d a ta  g iv e  b e t t e r  agreem ent w ith  p -  *1^» a lth o u g h  n e i th e r  agreem ent i s
32v e ry  good. T h is s u g g e s ts  t h a t  Tf  a b so rp tio n  on S p ro ceed s  by d i r e c t
1^ 0i n t e r a c t io n s  more f r e q u e n t ly  th an  i s  th e  case  w ith  C a, w here s t a t ­
i s t i c a l  e v a p o ra tio n  i s  a p p a re n tly  more dom inant. D isc u ss io n  o f  t h i s  
a n a ly s is  in  te rm s o f  n u c le a r  s t r u c tu r e  d e t a i l s  i s  g iv en  in  S e c tio n  B.
G a r r e t t  and T urkev ich  have f i t t e d  t h e i r  a n a ly s is  o f  65-MeV 
Tf~ + Cu done by ra d io c h e m is try  w ith  R udstam 's fo rm u la . They found  
th a t  t h e i r  d a ta  f i t t e d  th e  fo rm u la  a lm ost as w e l l  as d a ta  ta k en  w ith  
p ro to n  and a lp h a - p a r t i c l e  p r o j e c t i l e s .  65-MeV p io n s  w ere found  to  c o r ­
resp o n d  in  av erag e  energy  d e p o s it io n  t o  p ro to n s  o f  ab o u t 300 MeV. 
S ig n i f i c a n t l y ,  G a r r e t t  and T u rkev ich  had to  ig n o re  t h e i r  r e s u l t s  f o r  
sm all A A t o  g e t  a c c e p ta b le  agreem ent w ith  th e  s p a l l a t i o n  fo rm u la .
T his d isa g re e m e n t, and t h a t  f o r  sm a ll A  A in  th e  r e s u l t s  f o r  7T ab­
s o rp tio n  in  t h i s  w ork , su g g es t t h a t  d i r e c t  r e a c t io n s  p red o m in a te  in  th e  
s m a ll-  AA c a s e s .
Lewis h a s  su g g es te d  f u r t h e r  t h a t ,  in  l i g h t  o f  t h e i r  agreem ent 
w ith  R udstam 's s p a l l a t i o n  fo rm u la  and th e  f a c t  t h a t  th e  d a u g h te r  n u c le i
ob serv ed  from  7f  a b so rp tio n  f a l l  n e a r  th e  maximum s t a b i l i t y  c u rv e , TT*
90a b so rp tio n  can be e x p la in e d  sim ply  as  s p a l l a t i o n .  T h is  argum ent i s  
w eakened, how ever, s in c e  exp erim en ts  w hich o b serv e  d e - e x c i ta t io n  t  ra y s  
a re  in h e r e n t ly  b ia s e d  tow ard  n u c le i  n e a r  th e  maximum s t a b i l i t y  cu rve  
b ecau se  th o s e  n u c le i  p o s se ss  many more bound e x c i te d  s t a t e s .  F u r th e r ,  
a lth o u g h  some o f  th e  g ro ss  f e a tu r e s  o f  th e  s p e c t r a  a re  e x p la in e d  by th e  
s p a l l a t i o n  i n t e r p r e t a t i o n ,  p ro c e sse s  much l i k e  th o se  o b serv ed  in  d i r e c t  
n u c le a r  r e a c t io n s  a re  c l e a r ly  e v id e n t  in  th e  d e t a i l e d  s t r u c tu r e  d is c u s s e d  
in  S e c tio n  B.
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U. I n t e r p r e t a t i o n  o f  S p e c tru m -S tr ip p in g  A nalyses
-  32F or th e  c a se s  o f  I t  a b so rp tio n  on S and Ca a  s im p l i f ie d
spec trum  s t r ip p in g  was perform ed on th e  o v e r la p p in g  Compton c o n tin u a  
w hich c o n s t i tu te  t h e  g ro ss  form s o f  th e  V - r a y  s p e c t r a  (C h ap te r I I I ,  
S e c tio n  E ) . A lthough t h i s  a n a ly s is  i s  a d m itte d ly  c ru d e , i t  d id  im ply 
t h a t  ro u g h ly  th r e e  t o  f iv e  n u c le a r  if ra y s  a re  e m it te d  p e r  77' a b so rp ­
t i o n  on th e s e  t a r g e t s .  S ince  th e  sums o f  o b se rv ed  raw y ie ld s  f o r  th e s e
32 1^ 0ex p erim en ts  a re  kl% ( S) and 32% ( C a), ab o u t a  f a c to r  o f  te n  s m a l le r ,  
e i t h e r  many (p resum ably  sm all o r  v e ry  b ro ad ) p h o topeaks w ere n o t ob­
se rv e d , o r  th e  Compton a n a ly s is  c a l i b r a t i o n  was g ro s s ly  i n c o r r e c t .  The 
l a t t e r  i s  q u i te  u n l ik e ly ,  how ever, because  th e  Compton c a lc u la t io n  i s  
v e ry  t i g h t l y  c o u p led  t o  th e  pho topeak  c a l i b r a t i o n  and , even i f  th e  l a t ­
t e r  w ere i n c o r r e c t ,  th e  r a t i o  betw een Compton and p h o topeak  y ie ld s  would 
rem ain th e  same. Thus th e  o b serv ed  photopeaks a p p a re n tly  r e p re s e n t  a  
r e l a t i v e l y  sm a ll f r a c t i o n  o f  th e  t o t a l  number o f  n u c le a r  V r a y s .  Some 
su p p o r t f o r  t h i s  i n t e r p r e t a t i o n  can be drawn from  th e  work o f  Hornyak
e t  a l . ,^ 1 who o b se rv ed  n u c le a r  if ra y s  fo llo w in g  th e  i n t e r a c t i o n  o f  ll+0-
27MeV a lp h a  p a r t i c l e s  w ith  A1 and a  number o f  is o b a r s  o f  Sm. From th e  
*^A1  experim en t th e y  i d e n t i f i e d  93 d i s t i n c t  ^ l i n e s ,  co rre sp o n d in g  to  
2 /3  o f  th e  g eo m etric  c ro s s  s e c t io n  (780 mb). B ecause o f  th e  i n t e n s i t y  
o f  th e  a lp h a  beam and i t s  s p a t i a l  and momentum r e s o lu t io n  th e y  were a b le  
to  accum ulate  s p e c t r a  w ith  pho topeak  a re a s  100 tim e s  g r e a te r  th a n  th o se  
o b ta in e d  f o r  analogous t r a n s i t i o n s  in  p io n  r e a c t io n s  w ith  l i g h t -  and 
medium-mass n u c le i .  Thus many weak t r a n s i t i o n s  w hich  a re  below  th e  t h r e s ­
h o ld  o f  o b s e rv a tio n  in  th e  p io n  experim en ts  c o u ld  be seen  in  th e  a lp h a - 
p a r t i c l e  r e a c t io n s .  The im p lic a t io n  i s  t h a t  many if t r a n s i t i o n s  a re
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p re s e n t  in  th e  Tf  a b so rp tio n  r e a c t io n s  w hich a re  below  th e  th r e s h o ld  
o f  o b s e rv a tio n . These co u ld  p o s s ib ly ,  among o th e r  t h i n g s ,  f i l l  in  th e  
y i e ld  s p e c t r a  f o r  odd-even and odd-odd d a u g h te r  n u c le i  w h ich , u n l ik e  
even-even  n u c le i ,  do n o t cascad e  p red o m in an tly  th ro u g h  th e  f i r s t  ex­
c i t e d  s t a t e .  F u rth e rm o re , s in c e  a t  l e a s t  th r e e  ^  ra y s  a re  p roduced  
p e r  Tf  s to p ,  th e  n u c le i  must be  h ig h ly  e x c i te d  in  o rd e r  t o ,  on a v e ra g e , 
cascade  th ro u g h  two o r  more e x c i te d  s t a t e s  in  th e  d e - e x c i ta t io n  p ro ­
c e s s .
In  even-even  n u c le i  cascad es  th ro u g h  th e  2+ s t a t e s  p red o m in a te  
and g iv e  a  r e l i a b l e  m easure o f  th e  t o t a l  e x c i t a t io n  o f  th o s e  p a r t i c u l a r  
n u c le i .  S in ce  even-even  n u c le i  make up 25$ o f  a l l  p o s s ib le  com b in a tio n s  
o f  n u c le o n s , m u l t ip l i c a t io n  o f  th e s e  y ie ld s  by  f o u r  m igh t g iv e  an e s t i ­
m ate o f  th e  t r u e  p ro d u c tio n  o f  bound e x c i te d  s t a t e s  o f  d au g h te r n u c le i .
-  32 n -  - h oF or T f  + S t h i s  g iv e s  .85  such e v e n ts  p e r  T f  s to p ,  f o r  T f  + Ca, 
•77 e v en ts  p e r  r f  s to p . S in ce  th e  t o t a l  y i e ld  o f  d a u g h te r  n u c le i  m ust 
sum t o  100$ , s in c e  a b so rp tio n  r e a c t io n s  going  d i r e c t l y  to  ground s t a t e s  
o f  d a u g h te r  n u c le i  sho u ld  c o n s t i t u t e  o n ly  a sm a ll f r a c t i o n  o f  e v e n ts ,
and s in c e  r a d i a t i v e  p io n  c a p tu re  g iv e s  y ie ld s  o f  no more th a n  a  few p e r -
92 +c e n t ,  th e  sums o f  even-even  2 y i e ld s  m u l t ip l ie d  by fo u r  do g iv e
v a lu e s  c o n s i s te n t  w ith  e x p e c te d  t o t a l  y i e ld s .  The rem ain ing  f a c to r  o f
fo u r  i s  c o n s is te n t  w ith  p re v io u s  ex p erim en ts  b ecau se  e x c i te d  n u c le i  have
been  fo u n d , on a v e rag e , t o  em it from -two t o  fo u r te e n  d e - e x c i ta t io n
r a y s ,  depending  on th e  mode o f  e x c i t a t io n  and th e  t a r g e t  n u c le u s . For
exam ple, M u e lh a u se^  o b serv ed  from two t o  s ix  $ ra y s  e m itte d  in  (n , ^ )
9 hr e a c t io n s  on n u c le i  ra n g in g  from Na to  Hf. G rover and G i la t  found 
av erag es  o f  seven  to  fo u r te e n  )( ra y s  e m itte d  fo llo w in g  h e av y -io n
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i n t e r a c t io n s  on s e v e r a l  heavy n u c le i  n e a r  100 MeV. H eavy-ion  r e a c t io n s ,  
o f  c o u rs e , te n d  to  p roduce  e x c i te d  n u c le i  in  h ig h -s p in  s t a t e s ,  th e re b y  
in c re a s in g  th e  number o f  s u c c e s s iv e  d e - e x c i ta t io n s  n e c e s sa ry  t o  re a c h  
th e  ground s t a t e .  In  l i g h t  o f  t h i s  th e  o b s e rv a tio n  o f  t h r e e  t o  f iv e  
i  ra y s  p roduced  p e r  T f” a b s o rp tio n  i s  m ost re a so n a b le  and c o n s is te n t  
w ith  th e  i n t e r p r e t a t i o n  t h a t  odd-even  and odd-odd d a u g h te r  n u c le i  a re  
p roduced  w ith  y ie ld s  ro u g h ly  e q u a l to  th o s e  f o r  even-even  n u c le i .
I f  t h i s  d e s c r ip t io n  i s  c o r r e c t  i t  w ould te n d  t o  s tre n g th e n  
th e  argum ent t h a t  th e  p ro d u c tio n  o f  d a u g h te r  n u c le i  f a r  removed in  mass 
from  th e  p a re n t r e s u l t s  from  s t a t i s t i c a l  e v a p o ra tio n  and n o t from  nu­
c l e a r  s t r u c tu r e  e f f e c t s ,  such  a s  a lp h a  c l u s t e r i n g .  T h is i s  n o t th e  
o n ly  i n t e r p r e t a t i o n ,  how ever, and a  somewhat c o n t r a d ic to r y  approach  t o  
th e  Compton a n a ly s is  r e s u l t ,  w hich does in v o lv e  d e ta i l e d  f e a tu r e s  o f  
n u c le a r  m orphology, w i l l  b e  c o n s id e re d  in  S e c tio n  B.
The b a s ic  in fo rm a tio n  w hich can be g lean ed  from  t h i s  exam ina­
t i o n  o f  th e  g ro s s  f e a tu r e s  o f  th e  A A s p e c t r a  i s  t h a t  s u c c e s s fu l  m odels 
o f  th e  a b so rp tio n  p ro c e s s e s  r e q u i r e  a  w ide ran g e  o f  e x c i t a t io n  e n e rg ie s .  
T h is  in  tu r n  su g g e s ts  t h a t  a number o f  com peting  r e a c t io n s  may be r e ­
q u ire d  to  f u l l y  d e s c r ib e  p io n  a b s o rp tio n  by  complex n u c le i .  I t  may be 
p o s s ib le  to  u n ra v e l  some o f  th e s e  by s tu d y in g  f in e  d e t a i l s  o f  th e  ex p e r­
im e n ta l s p e c t r a ,  w hich a re  c o n s id e re d  in  S e c tio n  B.
B. D e ta i le d  F e a tu re s  o f  S p e c tra
1 . The 0+ , 1 S e le c t io n  Rule
One o f  th e  m ost s t r i k i n g  f e a tu r e s  o f  th e  Tf a b so rp tio n  s p e c t r a
P +i s  th e  absence o f  e x c i t a t io n  o f  J  ,T = 0 , 1  s t a t e s  in  a l l  c a se s
-  12 +a tte m p ted  so f a r .  S p e c i f i c a l ly ,  in  th e  77" + C ex p erim en t th e  0 , 1
s t a t e  a t  17^0 keV in  h as  a  n e t  c o r r e c te d  y ie ld  o f  o n ly  ( .1 ^  ± .1 2 )$ ,
compared w ith  (9 .H6 ± -31 )S^  -and (lt .23 ± .2 3 )$  f o r  th e  o th e r  observed
s t a t e s  in  ^ B .  T h is  sm all e x c i t a t io n  i s  w e l l  w ith in  th e  e r r o r  bounds
— 32 +fo r  fe e d in g  from h ig h e r  s t a t e s .  In th e  TT + S ex p erim en t th e  0, , 1
30s ta te  a t 677 keV in  P i s  n o t seen , a lth ough  th ree h igh er  le v e l s  o f  
30P a re  ob serv ed . U n fo r tu n a te ly  no such d e te rm in a tio n  c o u ld  be made in
— liO + 38 95th e  Tf  + Ca ex p erim en t b e ca u se  th e  0 , 1  s t a t e  o f  K i s  a t  131 keV,
below  th e  low er th r e s h o ld  f o r  j / - r a y  o b s e rv a tio n  in  t h a t  ru n .
An ex tre m e ly  sm all e x c i t a t io n  o f  th e  0 , 1 2311-keV l e v e l  o f
■^N was observed  b y  K o ss le r et_ a l . ^  f o r  77' a b so rp tio n  on ^ O .  They
e x p la in e d  th e  phenomenon as fo l lo w s . The p io n -n u c le u s  i n t e r a c t io n
96H am ilton ian  i s  ta k e n  to  be:
AH H 'T-,. ( i  -vO . (1.-10)
Pion  a b so rp tio n  on l ig h t - a n d  medium-mass n u c le i  occu rs  p red o m in an tly  
from  Jl = 1 o r b i t a l s ^  and th u s  th e  g r a d ie n t  r e s u l t i n g  from  th e  
te rm  i s  f i n i t e  a t  th e  o r ig i n ,  w h ile  th e  g ra d ie n t  te rm s  a re  m u l t ip l ie d  
by th e  p io n  wave fu n c t io n ,  w h ich  i s  z e ro  a t  th e  o r ig in  and sm a ll th ro u g h ­
out th e  n u c le u s . Thus th e  i n t e r a c t io n  H am ilton ian  may be r e w r i t t e n  as
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w ith i t  now o p e ra tin g  o n ly  on n u c le o n  c o o rd in a te s .  F o r a  g iv en  m v a lu e  
of th e  p io n  wave fu n c t io n  th e  m a t r ix  e lem en t t o  be e v a lu a te d  red u ces  t o
i j  Oyrt p * n  } O r * y >
I v  ( o*,i )  tjJ^ ( / f ; Sf ,t =  0  r _  ®  (1“ 1 2 )
{Jjone l )  'C^-L = <? j ® j l) ■
The wave fu n c tio n  l^ p n  ^o r i n t e r a c t i n g  p a i r  must have s p in s  a n t i ­
p a r a l l e l  in  o rd e r t o  b e  in  a 0+ s t a t e .  ^ -  c o n v e r ts  th e  p ro to n  in to  a
n eu tro n . The 0 ”' o p e ra to r  r e q u i r e s  th e  tw o f i n a l - s t a t e  n e u tro n s  to  z
have p a r a l l e l  s p in s :  = 1. T h ere  i s  no  a n g u la r  p a r t  to  t h e  i n t e r ­
a c tio n  so  = 0 . However, an S s t a t e  o f  two n e u tro n s  w ith  p a r ­
a l l e l  s p in s  i s  fo rb id d e n  by th e  P a u l i  p r i n c i p l e .  Thus 0+ , 1 s t a t e s
should  n o t  be g e n e ra te d  by d i r e c t - r e a c t i o n  p io n  a b s o r p t io n ,  w hich a g re e s
16 12 32w ith t h e  r e s u l t s  o f  th e  77" a b s o rp tio n  ex p erim en ts  on 0 , C, and -.-S.
2 . H igh-S p in  S ta te s
The s p e c t r a  o f  s t a t e s  o f  d a u g h te r  n u c le i  a l s o  d is p la y  some p r e ­
fe re n ce  f o r  e x c i t a t i o n  o f h ig h - s p in  s t a t e s  in  c e r t a in  c a s e s . T his seems 
to  be m ost p rom inent in  th e  Na r e s u l t s .  H ere th e  9 /2  l e v e l  a t  2866 keV 
of 21Ne i s  f a i r l y  s t r o n g ly  e x c i t e d ,  (3 .20  ± *36 )$ , w h ile  th e  5 /2 + and 
7 /2+ l e v e l s  below i t  a re  no t s e e n .  A s e a rc h  was made to  de te rm in e  i f  
t h i s  m ig h t be th e  r e s u l t  o f  a  c a sc ad e  from  an even h ig h e r  J  s t a t e ,  b u t 
no p h o to p eak s  c o rre sp o n d in g  t o  such  s t a t e s  cou ld  be  found. The 11 /2  
y r a s t  l e v e l  a t  17*732 keV was n o t  e x c ite d  t o  th e  th r e s h o ld  o f  o b s e rv a tio n . 
O ther p ro m in en t e x c i t a t io n s  o f  r e l a t i v e l y  h ig h  sp in  s t a t e s  in c lu d e  th e  
5/ 2“ l e v e l  o f ^ F ,  w hich was e x c ite d ;.a lm o s t f iv e  t im e s  more s t ro n g ly
th a n  th e  3 /2 + and 3 /2  l e v e l s .  H ere, how ever, th e  5 /2  l e v e l  i s  low er
th a n  th e  o th e r  two and fe e d in g  from  un o b serv ed  h ig h e r  l e v e l s  c o u ld  have
-  20 c o n tr ib u te d  to  th e  5 /2  y i e l d .  A r e v e r s e  p re fe re n c e  i s  seen  f o r  N e,
where th e  2+ l e v e l  a t  1633 keV i s  much more s t r o n g ly  e x c i te d  th a n  th e
U l e v e l  a t  k2k5 keV. Of c o u rse  th e  p re fe re n c e  o f  any unob serv ed  h ig h e r
s t a t e s  f o r  cascad in g  th ro u g h  th e  2 l e v e l  c o u ld  e a s i l y  accoun t f o r  t h i s
o b s e rv a tio n .
No d e c is iv e  p re fe re n c e  f o r  h ig h - J  s t a t e s  was o b serv ed  in  th e
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I f  + S r e s u l t s .  To th e  c o n t r a r y ,  th e  o b serv ed  l e v e l s  o f  S i d i s -
+  4- —p la y  a  p re fe re n c e  f o r  th e  3 /2  s t a t e  o v e r th e  5/2  and 7 /2  s t a t e s ,
a lth o u g h  th e  7 / 2~ s t a t e  i s  e x c i t e d  abou t 60$ more s t r o n g ly  th a n  th e  5 / 2+ 
s t a t e .  The 3 /2 + s t a t e  i s  th e  f i r s t  e x c i t e d  s t a t e  and i t  c o u ld  c o n ta in  
some c o n tr ib u t io n  from  h ig h e r  u n o b serv ed  l e v e l s .  A ls o , i t  i s  c lo se  in  
energy  t o  th e  f i r s t  e x c i te d  s t a t e  o f  P {1266 keV) and th e  second  ex­
c i t e d  s t a t e  o f  "^ S i (U398 keV -  2235 keV = 1263 keV ), and , a lth o u g h  th e  
peak  was found to  be  p r e c i s e l y  a t  1273 keV and o n e - p a r t ic le  e m iss io n  i s  
e x p ec ted  t o  be s t r o n g ly  s u p p re s s e d , th e r e  c o u ld  be c o n t r ib u t io n s  from
th e s e  o th e r  two l e v e l s .  The r e l a t i v e l y  s tro n g  e x c i t a t io n  o f  th e  7 /2
29 / \s t a t e  o f  S i i s  i n t e r e s t i n g  b ecau se  (1 ; i t  i s  analogous to  th e  p ro d u c -
_ o f  1j,q
t i o n  o f  th e  7 /2  s t a t e  o f  Ar from  Ca, b o th  o f th e s e  in v o lv in g  r e ­
moval o f  two p ro to n s  and one n e u tro n ,  and (2 ) b ecause  i t  a p p a re n tly
in v o lv e s  t r a n s f e r  o f  a  n e u tro n  from  th e  sd  s h e l l  t o  th e  **7 / 2 ” s h e l l .
29C a lc u la t io n s  o f  enhancem ent f a c to r s  due to  fe e d in g  were made f o r  S i ,
assum ing an i n i t i a l  e q u a l p o p u la t io n  o f  a l l  s t a t e s  o f  th e  n u c le u s  and
98u s in g  known b ra n c h in g  r a t i o s  to  c a lc u la t e  th e  r e l a t i v e  p r o b a b i l i t y  
f o r  each  p o s s ib le  t r a n s i t i o n .  T h is  gave a  12 .1 $  p r o b a b i l i ty  t o  th e  7 /2 -
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s t a t e ,  Ho.7$ t o  th e  5 /2+ s t a t e ,  and 32 .0$  to  th e  3 /2 + s t a t e .  The ob­
s e rv e d  y ie ld s  a re  n o t in  p ro p o r t io n  w ith  th e s e  c a l c u l a t i o n s , th e re b y
s u g g e s tin g  t h a t  d i r e c t  n u c le a r  r e a c t io n s  a re  in v o lv e d .
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As a lre a d y  m en tio n ed , th e  7 /2  l e v e l  o f  Ar i s  o b se rv ed  7-2  
tim es  more s t ro n g ly  th a n  th e  l / 2 + l e v e l  fo llo w in g  77" a b s o rp tio n  on
HOCa. Here th e  enhancem ent c a lc u la t io n  was done w ith  two d i f f e r e n t  
a ssu m p tio n s . I t  was done once assum ing eq u a l p o p u la t io n  o f  a l l  l e v e l s .  
T h is gave a  r a t i o  o f
[ V £  - > % / ' / /  =  / . / 6 .
The c a lc u la t io n  was re p e a te d  assum ing p o p u la tio n  o f  s t a t e s  p r o p o r t io n a l  
to  (2 J  + l ) .  T h is  gave a  r a t i o  o f
(  Vl - +  W / lk + - >  % +)  -  3 . 7 /  ,
w hich , a lth o u g h  b e t t e r  th a n  th e  c a lc u la t io n  w ith o u t th e  (2J  + l )  f a c t o r ,  
i s  s t i l l  a  f a c t o r  o f  two s m a lle r  th a n  th e  ob serv ed  r a t i o .  I t  i s  a ls o  
m ost i n t e r e s t i n g  t o  n o te  t h a t  an a lm o st i d e n t i c a l  r a t i o ,  7«3 , was ob­
se rv e d  f o r  th e  i n t e r a c t i o n  o f  190-MeV 77"+ w ith  ^ C a . ^  E x c i ta t io n  o f 
t h i s  l e v e l  in v o lv e s  t r a n s f e r  o f  one n e u tro n  t o  th e  ^7 / 2"  s h e l l  in  con­
ju n c tio n  w ith  rem oval o f  two p ro to n s  and one n e u t r o n . The mechanism 
re s p o n s ib le  f o r  t h i s  e f f e c t  i s  n o t o b v io u s , b u t one p o s s i b i l i t y  i s  cap­
tu r e  o f  th e  p io n  on a  s u r fa c e  a lp h a  c l u s t e r  w ith  one o f  th e  th r e e  r e ­
s u l t i n g  n e u tro n s  b e in g  re c a p tu re d  by  th e  n u c le u s . The e ig h t  c o n f ig u ra ­
t io n s  a v a i l a b le  in  th e  £7 / 2"  s h e l l  w ould make p ro d u c tio n  o f  th e  7 /2  
s t a t e  r e l a t i v e l y  l i k e l y ,  ■ F u r th e r  d is c u s s io n  o f  p o s s ib le  c lu s t e r i n g  
phenomena w i l l  be  g iven  l a t e r  in  t h i s  s e c t io n .
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3 . S in g le-N u c leo n  Removal
99S in g le -n u c le o n  rem oval i s ,  as e jqpected , s t ro n g ly  i n h ib i t e d .
T his i s  because  c o n se rv a tio n  o f  energy  and momentum w ould r e q u i r e  th e  
ab so rb in g  p ro to n  t o  have a  momentum o f  a t  l e a s t  500 MeV/c, w hich i s  f a r  
above th e  av erag e  Fermi momentum o f  bound n u c le o n s . T h e re fo re  s iz e a b le  
y ie ld s  o fA A  -  1 n u c le i  sh o u ld  have to  r e s u l t  from such e f f e c t s  a s  r e ­
c a p tu re  o f  one o f  th e  n u c leo n s  composing th e  a b so rb in g  group . In  th e s e  ex­
p e rim en ts  no s t a t e s  c o rre sp o n d in g  t o  s in g le -n u c le o n  em issio n  w ere ob­
se rv e d  from "^C o r  In  th e  case  o f  th e  752-keV l / 2 + s t a t e  o f
^ S i  i s  seen  w ith  a  v e ry  sm a ll y i e l d ,  ( .2 2  + .1 0 )$ . P ro d u c tio n  o f  t h i s  
s t a t e  would in v o lv e  knockout o f  one p ro to n  a lo n g  w ith  a b s o rp tio n  o f  th e
p io n 's  charge by a n o th e r p ro to n . An a l t e r n a t e  and much s im p le r  e x p la n a -
31 — 33 3Ut io n  i s  t h a t  th e  S i i s  p roduced  by 7f  a b so rp tio n  on S a n d /o r  S ,
which to g e th e r  c o n s t i t u t e  3% o f  n a tu r a l  s u l f u r .  In  f a c t ,  m u lt ip ly in g
th e  o b serv ed  y i e l d  by 20 g iv e s  h . k%, w hich  i s  a  m ost re a so n a b le  y i e ld
f o r  tw o- o r  th re e -n u c le o n  rem oval.
S ig n i f ic a n t  y ie ld s  o f  AA -  1 n u c le i  ap p ea r t o  be  p r e s e n t  in
P*3 liO P*3th e  Na and Ca s p e c t r a .  In  th e  case  o f  Na th e  f i r s t  2 and  1*
le v e l s  o f  ^ S te  a re  seen  w ith  y ie ld s  o f  (1 .0 2  ± *6h)% and ( l .U 5 ± *6 0 )%,
r e s p e c t iv e ly .  Sodium i s  m o n o iso to p ic , so th e s e  m ust r e s u l t  from  one-
n u cleon  e m iss io n . I t  i s  i n t e r e s t i n g  to  n o te  t h a t  i t  i s  th e  even-even
22 22 22 n e ig h b o r , Ne, r a th e r  th a n  th e  odd-odd F a n d /o r  Na, w hich i s  ob­
s e rv e d , and t h a t  i t  in v o lv e s  p ro to n  rem o v a l. Thus no mechanism o f  
charge  exchange betw een n u c leo n s  i s  in v o lv e d , and th e  a b so rp tio n  i s  on 
th e  odd p a r t i c l e .  A lso , th e  h ig h e r - s p in  s t a t e  i s  s l i g h t l y  more e x c i t e d ,  
b u t n o t beyond th e  range  o f  th e  e r r o r  b a r s .  I t  may be t h a t  s in g le -n u c le o n
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e m is s io n , a lth o u g h  s u p p re s se d , i s  o b se rv ed  in  t h i s  c ase  b ecau se  o f  2
enhancem ent. I f  s o , th e  y ie ld s  o f  th e  2+ (and  U+ ) s t a t e s  r e p r e s e n t  th e
22e n t i r e  p ro d u c tio n  o f  Ne. T h is would be im p o ss ib le  f o r  an even-m ass 
t a r g e t .
1*0The ap p a ren t s in g le -n u c le o n  e m iss io n  from  Ca i s  m ost d i f ­
f i c u l t  t o  e x p la in . Peaks c o rre sp o n d in g  t o  th e  3 /2  1267-keV and 3 /2 +
1517~keV s t a t e s  o f  ^ A r  a re  seen  w ith  r e s p e c ta b le  y i e l d s ,  (2.7*1 ± .3 8 )$
39and (1 .3 8  ± . 2 6 )$ , r e s p e c t iv e ly .  S ta te s  o f  K a re  n o t see n , how ever.
1*0 39I f  A A = 1 p ro c e s s e s  do o ccu r w ith  Ca, K i s  th e  e x p ec te d  d a u g h te r
n u c le u s  because  i t  co rre sp o n d s  t o  sim p le  p ro to n  k n o ck o u t. P ro d u c tio n
39o f  Ar r e q u i r e s  knockout o f  one p ro to n  p lu s  a b s o rp tio n  o f  th e  p io n 's
charge  t y  a  second  p ro to n  w hich rem ains in  th e  n u c le u s , th e  same k in d
31 32o f  p ro c e ss  n e c e s sa ry  to  p roduce  S i from  S. In  th e  c ase  o f  c a lc iu m ,
39how ever, th e  r e l a t i v e l y  la r g e  y ie ld s  p re c lu d e  ass ig n m en t o f  Ar p ro -
— 1*2 1*3 1*1* 1*6 *18d u c tio n  to  71  a b so rp tio n  on Ca, Ca, Ca, Ca, and Ca, which
c o l l e c t i v e l y  c o n s t i t u t e  on ly  3% o f  n a tu r a l  ca lc iu m . The most p la u s -
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i b l e  e x p la n a tio n  o f  th e  a p p a re n t p re se n c e  o f  th e  3 /2  l e v e l  o f  Ar i s
am b ig u ity  w ith  pho topeaks o f  about th e  same energy  from  o th e r  d a u g h te r
n u c le i .  A la r g e  peak  (1*5 ± 3 mb) i s ,  in  f a c t ,  seen  a t  1267 keV f o r  
+ 1*0190-MeV Tf  on Ca, w h ich , becau se  o f  th e  charge  c o n se rv a tio n  r e q u i r e ­
m ent, canno t p roduce  ^ A r . ^  T h is  peak  was a s c r ib e d  to  some com bination  
o f  th e  f i r s t  3 /2 + s t a t e  o f  (1266 keV ), th e  second  2+ s t a t e  o f  ^ S i  
( 3U98 keV -  2235 keV = 1263 keV ), a n d /o r  th e  f i r s t  3 /2 + s t a t e  o f  ^ S i  
(1273 keV ). The sp re a d  in  e n e rg ie s  o f  th e s e  l e v e l s  c o u ld  account f o r  
some o r  a l l  o f  th e  a p p a ren t D oppler b ro a d e n in g  o f  th e  1267-keV peak .
I f  t h i s  peak, i s  due to  th e s e  o th e r  p o s s ib le  d a u g h te r  n u c le i  t h e r e  r e -
, + 39m ains th e  q u e s tio n  o f  th e  3 /2  l e v e l  o f  Ar a t  1517 keV. No am b ig u ity  
in  t h i s  a ss ig n m en t c o u ld  be found . However, th e  s t a t e d  y i e l d  was e x t r a ­
p o la te d  from  th e  raw y i e l d  fo r  one b ran ch  w hich h a s  a  k5% b ra n c h in g  
r a t i o .  The o th e r  b ra n c h , which goes to  th e  1267-keV l e v e l ,  c o u ld  n o t 
be seen  b ecau se  i t s  $ ra y  i s  below  th e  lo w e r-e n e rg y  th r e s h o ld  o f  t h i s  
e x p e rim en t. The o b serv ed  raw y i e ld  o f  {.62 ± .1 6 )#  cou ld  co n ce iv a b ly
be due to  some o b scu re  t r a n s i t i o n  w hich was n o t i d e n t i f i e d .  Thus th e
1*0A  A -  1 y i e l d  from  Ca i s  u n c e r ta in  and d i f f i c u l t  t o  acco u n t f o r  w ith  
com plete  c o n s is te n c y .
Q
I t  has b een  c la im ed  by S p e c to r t h a t  b ecause  o f  n u c le a r  d i s ­
t o r t i o n  o f  p io n  waves s in g le -n u c le o n  em issio n  i s  n o t s u b s t a n t i a l l y  su p ­
p re s s e d .  He c a lc u la te d  a  r a t i o  o f  o n e -n u c leo n  em iss io n  t o  tw o-nuc leon
e m issio n  from Tf  a b s o rp tio n  on 0 o f  0.23* From th e  ex p e rim en ta l
39 /-r e s u l t s  o f  K o ss le r  e t  a l . a  r a t i o  o f  0 ,0 6  can be c a lc u la te d .  The
12f iv e  ex p erim en ts  d e s c r ib e d  in  t h i s  work g iv e  r a t i o s  o f  0 .0  ( C ),
0 .0  ( ^ N ) ,  0 .3 0  (23N a), 0 .0 0  -  0 .02  (32S ) ,  and 0 .0 0  -  1 .10  ( ^ C a ) .  The
av erag e  o v e r th e  f iv e  t a r g e t s  th u s  l i e s  somewhere betw een 0 .0 6  and 0 .2 8 ,
w ith  a  v a lu e  n e a r  th e  low er end o f  th e  ran g e  b e in g  more l i k e l y .  I f  th e
391267-keV l i n e  in  th e  ca lc iu m  d a ta  i s  n o t from A r, th e s e  r e s u l t s  c l e a r -
39ly  do n o t  a g ree  w ith  S p e c to r ’s p r e d ic t io n .  I f  th e  Ar i s  p r e s e n t ,  th en
1*0th e  anom alously  l a r g e  r a t i o  f o r  s in g le -n u c le o n  em iss io n  from  Ca w ould 
have t o  be a t t r i b u t e d  to  some unknown f a c to r  a p p a re n tly  u n iq u e  to  Tf
1*0 71*a b s o rp tio n  on Ca. U l l r i c h  e t  a l .  do n o t r e p o r t  any e x c i t a t io n  o f
39 -  1*0Ar in  t h e i r  Tf  a b so rp tio n  experim en t on Ca.
TO
if-. Two-Nucleon Removal
The s u g g e s tio n  t h a t  th e  s tu d y  o f  r e a c t io n s  i n  w hich p io n  ab­
s o rp t io n  r e s u l t s  in  th e  em iss io n  o f two n u c leo n s  sh o u ld  y i e ld  in fo rm a-
23t io n  abou t n u c le a r  s t r u c tu r e  i s  n o t new. In  f a c t ,  many e x p erim en ts , 
some o f  w hich w i l l  be d is c u s s e d  l a t e r  in  t h i s  s e c t io n ,  have been p e r ­
form ed in  w hich tw o-nucleon  em ission  h a s  b een  s tu d ie d .  The a n a ly s is  o f  
th e se  r e a c t io n s  th ro u g h  s tu d y  o f  th e  s p e c t r a  o f  d e - e x c i ta t io n  r a y s , 
e s p e c ia l ly  d e te rm in a tio n  o f  th e  momentum s p e c t r a  o f  n u c leo n  p a i r s  from
m easurem ents o f  D oppler b ro ad en in g , h ow ever, i s  a  r e l a t i v e l y  r e c e n t  
39developm ent.
— IP
a. "Tf + C
12 1UIn  th e  c a se s  o f  two o f th e  t a r g e t s  s tu d ie d ,  C and N, th e  
on ly  d a u g h te r  s t a t e s  o b serv ed  co rresp o n d  t o  tw o-nuc leon  e m iss io n , and 
in  b o th  case s  np p a i r s  a re  removed. T h is  i s  n o t t o  im p ly , how ever, 
t h a t  em issio n  o f  tw o n u c leo n s i s  th e  dom inant r e a c t io n  mode. In  th e  
case o f  th e  10B y ie ld s  add up to  o n ly  (13 .83  ± .k0)%.  T his le a v e s  
about 86# o f  theTT'** s to p s  to  be acco u n ted  f o r .  S i g n i f i c a n t l y ,  p e r -
g
h ap s , B e, w hich co rre sp o n d s  to  e q u iv a le n t  a lp h a - p a r t i c l e  rem oval, i s
n o t bound and i t s  p ro d u c tio n  cannot be o b se rv ed  th ro u g h  t h i s  te c h n iq u e .
A lso , becau se  v e ry  l i g h t  n u c le i  have r e l a t i v e l y  few bound e x c i te d
s t a t e s ,  ground s t a t e s  c o l l e c t i v e ly  c o n s t i t u t e  a  c o n s id e ra b ly  g r e a te r
12 lhf r a c t io n  o f  th e  a v a i l a b le  r e a c t io n  c h a n n e ls  f o r  th e  C and N t a r g e t s
32 *^0th a n  in  th e  c a se s  o f  medium-mass n u c le i  such  as S and Ca.
The th r e e  s t a t e s  o f  ^ B  o b se rv ed  from Tr' a b s o rp tio n  on 
a l l  have l i f e t im e s  w hich a re  much to o  lo n g  f o r  t h e i r  photopealcs to
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d is p la y  any D oppler b ro a d e n in g . T h is i s  u n fo r tu n a te  b ecau se  d e te rm in a ­
t io n  o f pair-m om entum  s p e c t r a  from t h i s  r e a c t io n  w i l l  r e q u i r e  e x p l i c i t  
an g u lar c o r r e l a t i o n  m easurem ents o f  th e  o u tg o in g  n e u tro n s  in  c o n ju n c tio n  
w ith  V - r a y  d e te c t io n .
12 * -  1^b . R e c o il Momentum o f  C from  Tf + N
12The p ro d u c tio n  o f  th e  D op p le r-b ro ad en ed  1^39-keV l e v e l  o f  C
-  1^ from 'Tf a b so rp tio n  on N i s  one o f  th e  m ost i n t e r e s t i n g  r e s u l t s  from
th e s e  ex p erim en ts  b e ca u se  p - s h e l l  s t r u c tu r e  i s  s u f f i c i e n t l y  u n d e rs to o d  
to  p e rm it f a i r l y  b e l i e v a b le  c a lc u la t io n  o f  th e  pair-m om entum  d i s t r i b u ­
t io n ,  w h ich  can be compared w ith  ex p erim en t.
12The r e a c t io n  r a t e  f o r  p ro d u c tio n  o f  C w ith  r e c o i l  momentum
between K and (K + dK) i s
Al « :
dK <cH H  | i - )  J l f l f  d f i K } (‘•-is)
where th e  i n t e r a c t io n  o f  Eq. ( h - l l )  w i l l  be  u sed  f o r  th e  H a m ilto n ia n ,
and ^  i s  th e  phase  space f a c t o r .  The wave fu n c -
12 2+t i o n  i s  w r i t t e n  as a  p ro d u c t o f  th e  C wave fu n c tio n  and th e  ap p ro ­
p r i a t e  sum o f  tw o - p a r t i c l e  te rm s:
U >  = !  ,4n >  =
Z { ( <*Z) YP(fi TP)j C (of Tc fi Tr) j (k-lk)
pjf>
12where J  i s  the  a n g u la r  momentum o f  th e  C, c< r e f e r s  t o  th e  o th e r  quan- 
c
turn num bers n e c e s sa ry  to  s p e c ify  i t s  wave f u n c t io n ,  J p i s  th e  a n g u la r  
momentum o f  th e  n u c leo n  p a i r ,  ^  r e f e r s  t o  th e  o th e r  quantum numbers o f  
th e  p a i r  wave f u n c t io n ,  and th e  C(oi J c  ft J p ) a re  th e  ex p ansion  c o e f f i ­
c ie n ts .  The f i n a l  s t a t e  i s  g iv en  by
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. L ? • /?  l K' R  , , w
|€>= e  X(s,s2)‘ ; (U-15)
+ Hhw here ( l ,  2 ) r e f e r s  t o  th e  f i r s t  2 s t a t e ,  w here q i s  th e  r e l a t i v e
momentum o f  th e  o u tg o in g  n u c le o n s , and ")£. ( s ^ s ^ )0 i s  t h e i r  s p in  fu n c t io n
w ith  th e  two s p in s  co u p led  to  z e ro . P u t t in g  th e s e  t o g e th e r ,  a v e ra g in g
o v e r i n i t i a l  s t a t e s ,  and summing o v e r  f i n a l  s t a t e s  g iv e s
M
AK f K= I E c U J c ^ J P) f ^ ( / ; a+)n ®
e l^ + K ' V ( s , % ) 0 o ^ r _ ®
f I W 3R dSlf ASLK.
L J-vn,
The i n t e g r a l  o v e r t h e  s p a t i a l  c o o rd in a te s  g e n e r a l ly  in v o lv e s  
a  J a c o b ia n , b u t  f o r  th e  p u rp o se s  o f  t h i s  c a l c u l a t i o n  i t  s im p ly  becom es 
a  p r o p o r t i o n a l i t y  f a c t o r .  Doing th e  i n t e g r a l  o v e r th e  c o re  and th e n  
th e  a p p r o p r ia te  sum g iv e s :
»
Z  C(o< 1  (S3p)J O a )  =
YL c  (cCJc fSJ? )  J | j0( — C ( 1 2 (5 Jp} .
d  X.
(U-17)
W ritin g  o u t th e  c o u p lin g  c o e f f i c i e n t s  f o r  th e  t w o - p a r t i c l e  
wave f u n c t io n  now g iv e s :
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I K
•tf ~f~ K * R,)
Xy vO /-n 2. f
®
(»KL8 )
^  G8 Tr)mr »,f ^  i - ^ i - ^ - K  •
The n ex t s te p  i s  to  w r i t e  o u t th e  tw o - p a r t ic le  wave fu n c tio n  
in  te rm s o f  th e  t o t a l  o r b i t a l  a n g u la r  momentum A and i t s  p r o je c t io n  , 
a long  w ith  i t s  s p in  f u n c t io n .  T h is  g iv e s  te rm s o f  th e  form :
% ( p j ?) = » l / / P ( y A  JP)  =
C A ' ’
Because ^  in c lu d e s  A among i t s  quantum num bers, and A i s  now w r i t t e n  
e x p l i c i t l y ,  th e  o th e r  quantum numbers o f  th e  p a i r  w i l l  now be c o l l e c t i v e ­
l y  l a b e l l e d  Yj . These tu r n  ou t to  be th e  p r in c ip a l  and o r b i t a l - a n g u la r -  
momentum quantum num bers f o r  th e  r e l a t i v e  (nJL ) and c e n te r -o f -m a ss  (NL) 
p a r t s  o f  th e  p a i r ' s  wave fu n c t io n . A lso , to  be c o n s i s te n t  w ith  th e  A")  ^
n o ta t io n ,  th e  expansion  c o e f f i c i e n t s  w i l l  h e n c e fo r th  be w r i t t e n  as
C(Jp A TJ ).
E v a lu a tin g  th e  sp in  b ra c k e t  g iv e s
J - W
(U-20)
A ty p ic a l  te rm  i s  now
7^> f  ‘W-L
f  A 1 j p J $ p
Vatt Tr^-TNf ^  ^  ^  '
(fc-21)
Doing th e  i n t e g r a l ,  w hich y ie ld s  th e  F o u r ie r  tra n s fo rm  o f  th e  
i n i t i a l - s t a t e  wave f u n c t io n ,  and r e in t r o d u c t in g  th e  summation y ie ld s
4 f  ^JLK 0 T^rrhiTn^ Ea m a
JF>j (U-22)
y~\ oi Tp I « A I
^  vrip W ii'hy  ywl L ,  nifl. 7ni r >nr 'ttjf
where th e  s u b s t i t u t i o n  = ek -  mf  -  m^-has b een  made in  th e  l a s t  
C lebsch-G ordan c o e f f i c i e n t .
Doing th e  i n t e g r a l s  over d£Lq. and w i l l  e l im in a te  c ro s s
te rm s in  A i St » sn<3- L. The sum o v er m ^ w ith  f ix e d  A f ix e s  J p , and 
th e  sums o f  th e  sq u a res  o f  C lebsch-G ordan c o e f f i c i e n t s  g iv e  c o n s ta n ts  
w hich f a c to r  o u t . 1^1 The on ly  sum in s id e  th e  b ra c k e t  in v o lv e s  te rm s 
w ith  d i f f e r e n t  v a lu e s  o f  n and N, b u t  w ith  th e  same v a lu e s  f o r  % and L 
(because  o f  th e  o r th o g o n a l i ty  p r o p e r t i e s  o f  th e  a n g u la r  i n t e g r a l s ) .  The 
r e a c t io n  r a t e  th u s  becomes
£ t i
I K  ^  t K * ^
(U-23)
w here R.
p M
(q.,K) i s  th e  a p p ro p r ia te  r a d i a l  p a r t  o f  th e  sh e ll-m o d e l
wave f u n c t io n ,  and th e  sum i s  over th e  (n  St , NL) v a lu e s ,  b u t w ith  
th e  r e s t r i c t i o n  t h a t  th e  te rm s o f  th e  sum have d i f f e r e n t  v a lu e s  o f  n 
and N, b u t th e  same v a lu e s  o f  S i and L,
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The c o e f f i c i e n t s  and r a d i a l  wave f u n c t io n s  m ust s t i l l  he  w r i t t e n
102e x p l i c i t l y .  In  a  j - j  c o u p lin g  scheme Cohen and K urath o b ta in e d  th e  tw o- 
p a r t i c l e  wave f u n c t io n :
j a , |36 3> +  a*| \  \  l }  4- a 3| \  3/a l> ^
+  \  '6 l^ > +  ^rl &  '4 l / ^  ;
w here th e  n o ta t io n  i s  j 2J > * al  = “ 0 ,0 0 -I-^» a2 = "°* 1 °3 3 , = -0.0l*71>
a^ = 0.12U2, and a^ = -0 .0 2 0 1 . B efo re  t h i s  fu n c t io n  can be b roken  up  in to
r e l a t i v e  and c e n te r -o f -m a ss  c o o rd in a te s  i t  m ust be tra n s fo rm e d  from  j - j
103c o u p lin g  to  L-S c o u p lin g  v ia  th e  r e l a t i o n : ' _________________________
U s = I^. 4i #i »+0( ai . +i ) ki s+0 ®
r A  ^ 2. L 1 L' r  T  n a \  ^ " 2 5 )
 ^ s.L s  h  i ,  i f  l  s 2  s j  k >
'  ^  ^  J  J  101A f te r  e v a lu a t in g  s ix te e n  9 - j  symbols th ro u g h  u se  o f  r e l a t i o n s  i n  Edmonds
IOHand R otenberg  e t  a l . , th e  term s red u ce  to
4 -  .oosiff in, l a }  -  , o f % l / / a , o a }
-  . 073o | //a, 13 > -  .<22761 no, I/) <!*-a6)
-  .003^ 1111,01} - . o w 3|//a, n> - h . O f ^ l n i j i i } ]  j
w here th e  k e t  n o ta t io n  i s  \H SL^ A, SJ>.
The n ex t s te p  was to  tra n s fo rm  th e  wave fu n c tio n s  in to  p ro d u c ts  
o f  r e l a t i v e  and c e n te r -o f -m a ss  fu n c tio n s  re p re s e n te d  by th e  k e ts  
|nJL, NL, ASJ>, w here n and % a re  th e  p r in c ip a l  and o rb ita l-an g u la r-m o m en tu m  
quantum numbers f o r  th e  r e l a t i v e  p a r t  o f  th e  tw o - p a r t ic le  wave f u n c t io n ,
and N and L a re  th e  analogous quantum numbers f o r  th e  c e n te r-o f-m a ss  p a r t .
7 6
The M oshinsky t r a n s fo rm a tio n ’^ '*  was perform ed  and th e  fo llo w in g  no rm alized  
fu n c tio n  r e s u l t e d :
(,022 | o c y o , o i f >  4 - .  loOZO.110, 0 0 , o i i ) > 4 . 35*37 |l£>
-  , 1 9 3 1 | 0 0 ,0 3 ,213^  4 - .  19311 o a ,o o ,2 \$ }  -  . 15 7t>\00 ,0 2 , 2 0 $ }  
4- . (57^1 < ? 3 , o o , 2 o a >  I l f l j o O j O Q  , 2  l l >  CU-2T)
4  . 1119 | 0 2 , o o ,  £lt)> 4  . 6 3 1 4 1 oi , ol  , \ \ 2 }  “ . OI2 o \ o ^ o \ ,  \ ol^ > 
"  , O o 4  | 0 0 , 0 2 , 2 ) 3 }  4-  . O O t l  | 0 2 , 0 0 ,  2  13 )  J  . •
The p io n -a b s o rp tio n  i n t e r a c t i o n  in v o lv e s  th a t  p o r t io n  o f  th e
n u c le a r  wave fu n c tio n  w hich has s h o r t- r a n g e  c o r r e la t io n s  a s s o c ia te d  w ith  
39i t .  The r e l a t i v e  S-wave g iv e s  th e  r e q u ir e d  s t ro n g  o v e r la p . Because o f  
t h i s  req u ire m e n t and th e  f u r th e r  f a c t  t h a t  I  = 0 , S = 1 te rm s dom inate th e  
r e s u l t s  o f  th e  M oshinsky t r a n s fo rm a tio n ,  a l l  o th e r  term s w ere dropped , 
le a v in g
fcoaa |oo,io,6 ii) + . uaa 11 0,0 0 ,011)  ~ .ici3 \|oo/o5 )aia) 
- . ///?Ioo, oa,3ii) -  . ooH\I 0 0 , 0 5 , a/3 )  j . (4-28)
Apply Eq. (4 -2 3 ) to  o b ta in  th e  r a t e :
i H
I K
c*C
+
'  .(o02z\ 00,10,01^ 4 . <>0221 10,00,01 iy 
~ , }9 31 \ °o  , 0 2 , 2
(4-29)
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The l a s t  term  i s  c l e a r l y  n e g l ig ib le  and may be  dropped . U sin g  th e  a p p ro ­
p r i a t e  r a d i a l  fu n c t io n s  and n o rm a liz in g  once more g ives
x
( h - 3 0 )
B ecause th e  r e l a t i v e  momentum o f  th e  two o u tg o in g  nucleons i s  so g r e a t ,  
ab o u t 370 MeV/c, th e  f i r s t  and l a s t  term s a re  n e g l ig ib le ,a n d  th e  r e l a t i o n  
re d u c e s  to  t h a t  o b ta in e d  by K o s s le r  e t  a l . ^  f o r  TT + "^ 0 , p ro v id ed  th e  
f u n c t io n  i s  s c a le d  t o  th e  rms r a d iu s  o f  "^N, w hich i s  2 .U8 f e r m i s , ^ ^
107The n e c e s sa ry  r a d i a l  harm onic o s c i l l a t o r  wave f u n c t io n  i s  
-
o < . U  
00  ;R « , ^  e (U -3 1 )
w here
/  /  y  Ti GO
o {  =  n /  - k
w hich  can be computed fromP"^
< =  ■ x - 5
W ith — X.  4 # fe rm is ,
o( =  . 6 3 7 6  -fmJ1 =  /as.i lA^/c,
( h - 3 2 )
ol ( TL - 1 ) +JL +- 3/^ ( 1+-33)
(U -3M
w hich  p ro v id es  th e  s c a l in g  f a c t o r  f o r  th e  r e c o i l  momentum. Thus th e  mo­
mentum d i s t r i b u t i o n  may be w r i t t e n  as
A l
I K <=< K  6
a  o - x a/ a (U -35)
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i n  th e s e  u n i t s .  The r e l a t e d  d i s t r i b u t i o n
J M  J _  M  ^  ^
I  K 3 K5 I K
These r e l a t i o n s  p r e d ic t  a  mean r e c o i l  momentum o f  1^8 MeV/c, compared w ith
th e  e x p e r im e n ta l r e s u l t  o f  ( l 69 +_6 ) MeV/c, a  d i f f e r e n c e  o f  12$, w hich i s
v e ry  good agreem ent i n  l i g h t  o f  th e  v a r io u s  ap p ro x im a tio n s  made in  th e s e
3 3c a l c u l a t i o n s .  The c a lc u la te d  form s o f  dN/dK and d H/dK , a long  w ith  th e  
e x p e r im e n ta l r e s u l t s ,  a re  p lo t t e d  in  F ig s .  57 and 58 , r e s p e c t iv e ly .
The p re c e d in g  c a lc u la t io n  was done w ith o u t in tro d u c in g  any c o r­
r e l a t i o n  f u n c t io n .  The same form  would be o b ta in e d  by assum ing a  c lu s t e r  
m odel fo r  th e  p a i r  o f  a b so rb in g  n u c le o n s , th e re b y  ta k in g  an n = 0 , L = 0 
wave fu n c tio n  f o r  i t s  c e n te r-o f-m a ss  m o tion . T h is  r e s u l t  i s  s im i la r  t o
OQ
t h a t  o f  K o ss le r  e t  a l . ,  who m easured a  mean r e c o i l  momentum o f  l b5  MeV/c 
— 16f o r  tt”  + 0 . T h e ir analogous c a lc u la t io n  u s in g  th e  same re q u ire m e n t on
th e  p a i r  (np c lu s t e r  w ith  n = 0 , L = 0 ) p r e d ic te d  a  mean r e c o i l  momentum 
o f  126 MeV/c,. w hich d i f f e r e d  from  t h e i r  m easurem ent by 13$.
c . np t o  pp Removal R a tio s
A part from recoil-m om entum  s p e c t r a ,  th e  o th e r  q u a n t i ty  o f  
p h y s ic a l  i n t e r e s t  w hich can be e x t r a c te d  from  y ie ld s  f o r  tw o-nucleon  
e m iss io n  i s  th e  r a t i o  o f  np knockout t o  pp k n o ck o u t, nn knockout b e in g  
fo rb id d e n  by charge  c o n s e rv a tio n . A sim p le  m odel which assumes it”  ab so rp ­
t i o n  on r e l a t i v e  S-wave n u c leo n s  w ith  e q u a l p r o b a b i l i t y  fo r  a  t r i p l e t
76 76p a i r  o r  a  s i n g l e t  p a i r  g iv e s  an np /pp  r a t i o  o f  3 . 0 , Rordberg e t  a l .
have m easured t h i s  r a t i o  f o r  a  wide ran g e  o f  t a r g e t s  by d e te c t in g  ou tg o in g
p ro to n s  and n e u tro n s  and o b ta in e d  an average  o f  (3 .9  + 1 .0 ) .
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In  th e  tt~ a b s o rp tio n  ex p erim en ts  d e sc r ib e d  in  t h i s  work o n ly  np 
12 lHrem oval was observed  f o r  C and N, g iv in g  a  r a t i o  o f  i n f i n i t y .  N ordberg 
e t  a l . m easured r a t i o s  o f  (2 .3  + 0 . 8 ) and (3 .7  + l . l )  f o r  th e s e  two t a r ­
g e t s ,  r e s p e c t iv e ly .  I t  i s  p o s s ib le  t h a t  y  ra y s  co rre sp o n d in g  t o  pp rem oval 
were e m it te d , b u t w ere below  th e  th r e s h o ld  f o r  d e te c t io n  in  th e s e  e x p e r i ­
m en ts . G ro u n d -s ta te  t r a n s i t i o n s  a re  a ls o  p o s s ib le .
32 HoShe S and Ca ex p erim en ts  gave np /pp  rem oval r a t i o s  much
o n
sm a lle r  th a n  p re d ic te d  o r  o b serv ed  by  N ordberg e t  a l . , S g iv in g  ( .6 1  +_ .12)
and ^ C a  g iv in g  ( .8 8  + .1 8 ) .  However, b o th  o f  th e s e  a re  even -even  n u c le i ,
and pp rem oval p roduces even-even  d a u g h te r  n u c le i  w hich d is p la y  th e  fa m i-
“t*l i a r  enhancem ent o f  d e te c t io n  o f  2 s t a t e s . There i s  no such enhancem ent
f o r  s t a t e s  o f  th e  odd-odd n u c le i  r e s u l t i n g  from  np rem o v a l. T h e re fo re  an
in h e re n t  b ia s  by a  f a c to r  o f  abou t th r e e  (see  below ) tow ard  2+ s t a t e s  o f
even-even  n u c le i  can e x p la in  t h i s  ap p a ren t d is c re p a n c y . T his e x p la n a tio n
23i s  s tre n g th e n e d  by th e  r e s u l t s  o f  th e  Na e x p e r im en t, f o r  w hich th e r e  i s
no enhancem ent becau se  b o th  modes o f  tw o -nuc leon  rem oval r e s u l t  in  odd-
even d a u g h te r s .  For t h i s  case  th e  r a t i o  i s  (2 .5 8  1 .3 2 ) ,  w hich i s  in
good agreem ent w ith  b o th  th e  e x p e r im e n ta l and t h e o r e t i c a l  r e s u l t s  o f
23N ordberg e t  a l . A lthough th e  Na r e s u l t s  a lo n e  a re  n o t c o n c lu s iv e , i f  
v a lu e s  n e a r  3 a re  o b se rv ed  f o r  o th e r  odd-even t a r g e t s  and v a lu e s  n e a r  1 f o r  
even-even  t a r g e t s ,  t h i s  would c o n s t i t u t e  a  good m easure o f  th e  e f f e c t  o f  
2 enhancem ent in  ev en -even  d a u g h te r  n u c le i .
An a n a ly s is  was made o f  enhancem ent o f  lo w -ly in g  t r a n s i t i o n s  in  
w hich e q u a l p o p u la tio n  o f  a l l .b o u n d  e x c i te d  s t a t e s  was assum ed. I t  found
t h a t ,  on a v e ra g e , abou t 15% o f  a l l  i n i t i a l  e x c i t a t io n s  r e s u l t e d  in  t r a n -
»(• .
s i t i o n s  th ro u g h  th e  2 s t a t e  o f  even-even  n u c le i ,  b u t  t h a t  o n ly  abou t 25 %
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r e s u l t e d  i n  t r a n s i t i o n s  th ro u g h  th a t  lo w -ly in g  l e v e l  ( u s u a l ly  th e  f i r s t  
o r  second e x c i te d  s t a t e )  w hich re c e iv e d  th e  most fe e d in g  from h ig h e r  
l e v e l s  f o r  th e  odd-even and odd-odd c a s e s .  The r a t i o  o f  th e  enhancem ents 
fo r  th e  two c ase s  i s  abou t 3 , w hich a g re e s  w ith  th e  r a t i o  o f  th e  np /pp  
rem oval r a t i o s  observed  f o r  odd-even and even-even  t a r g e t  n u c le i ,
d . O ther Two-Nucleon-Removal S tu d ie s
K o p a le is h v i l i  h as  an a ly zed  th e  i n t e r a c t io n s  (it , nn) and 
(tt"", np) w ith  s to p p ed  p io n s ,  and th e  h ig h -e n e rg y  p h o to e f f e c t  ( y ,  np) f o r  
12C and l 6 0 t a r g e t s . The en erg y  s p e c t r a  o f  o u t-g o in g  n u c leo n s w ere found 
to  a g ree  w ith  p r e d ic t io n s  f o r  S a b s o rp tio n , b u t n o t P a b s o rp tio n . He a ls o
o b ta in e d  an np /pp  rem oval r a t i o  o f  2 to  3 , which a g re e s  w ith  N ordberg e t  a l .
23 103and th e  Na r e s u l t s  from t h i s  s tu d y . A rth u r  e t  a l . s tu d ie d  th e  ( it , 2p)
r e a c t io n  on 2H, ^ L i, ^ N ,  and ^ 0  w ith  70-MeV p io n s . T h e ir  r e s u l t s  gave 
good q u a n t i t a t iv e  agreem ent w ith  c a lc u la t io n s  made u s in g  th e  p lane-w ave 
im pulse  ap p ro x im atio n  w ith  th e  assum ption  t h a t  a b s o rp tio n  ta k e s  p la c e  on a  
q u a s i-d e u te ro n  c lu s t e r  w ith  th e  r e s t  o f  th e  n u c leu s  a c t in g  as a  s p e c ta to r .
A nother c la s s  o f  ex p erim en ts  w ith  p o t e n t i a l  f o r  m easu ring  s h o r t -  
ran g e  tw o -n u c leo n  c o r r e la t io n s  i s  th o se  in v o lv in g  m edium -energy e l e c t r o ­
m agnetic  p ro b e s . I f  a p h o ton  o f  energy  b e tw een , s a y , 50 and 1*00 MeV i s
ab so rb ed  on a  n u c le u s , th e  energy-momentum im balance i s  such t h a t  th e  ab -
109s o r p t io n  can n o t ta k e  p la c e  on a  s in g le  n u c le o n , and p h o to - e je c t io n  o f  
a  s in g le  n u c leo n  i s  th e r e f o r e  su p p re ssed . But two n u c leo n s  c o l l i d in g  in  
th e  n u c leu s  may have la r g e  in d iv id u a l  momenta even though  th e  sum may be 
v e ry  s m a ll .  An e l e c t r i c  d ip o le  i n t e r a c t i o n  on a  n e u tro n -p ro to n  p a i r  can 
b r in g  about t h e i r  em issio n  n e a r  180° o p p o s ite  to  each  o th e r ,  so t h a t  th e  
energy-momentum m ism atch i s  overcom e. T h is  p ro c e s s ,  known as th e
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q u a s i-d e u te ro n  e f f e c t ,  i s  s im i la r  t o  ir" a b s o rp tio n  and c an , i n  th e o ry , .he
13u sed  t o  m easure s h o r t- r a n g e  c o r r e la t io n s  in  n u c le i .  G ari and Hebach, 
how ever, have shown t h a t  guage in v a r ia n c e  c o n tr ib u t io n s  ( i n t e r a c t i o n  o f  
p ho tons w ith  i n t e r n a l  n u c leo n  l i n e s ,  w ith  exchanged m esons, e t c . )  t o  c o r­
r e l a t i o n s  make up th e  m ost im p o r ta n t p a r t  o f  p ro c e s s e s  below  p io n  th r e s h o ld .  
These c o n s id e ra t io n s  e x p la in  th e  dominance o f  (y , np) r e a c t io n s  over th e  
(V»PP) ancL (y , nn) modes b ecau se  o f  th e  symmetry betw een p ro to n s  and 
n e u tro n s  o f  th e  guage te rm s . T h is  a n a ly s is  a ls o  g iv e s  good agreem ent 
w ith  e x p e r im e n ta l a n g u la r  d i s t r i b u t i o n s  f o r  (y , p ) and (y , n ) r e a c t io n s .
A number o f  (y , np) ex p erim en ts  have been  perfo rm ed  w hich su g g e s t th e
110-115p re se n c e  o f  d e u te ro n  c l u s t e r s  in  n u c le i ,. A s im i la r  ex perim en t by
1x6H eim lich  e t  a l . u t i l i z e d  q u a s i - e l a s t i c  e le c t r o n  s c a t t e r i n g  t o  m easure
6 6c ro s s  s e c t io n s  f o r  th e  r e a c t io n s  L i ( e ,  e 'p )  and L i ( e , e 'd )  n e a r  2 .5  GeV. 
T h e ir  ( e , e 'p )  r e s u l t s  gave good agreem ent w ith  a  model assum ing s h o r t -
g
ran g e  n u c leo n -n u c leo n  c o r r e l a t i o n s ,  and th e  L i ( e ,  e 'd )  d a ta  a g ree  w e ll
g
w ith  p r e d ic t io n s  o f  an ad  c l u s t e r  model o f  L i.
5 . T hree-N ucleon  Removal
23T h ree -n u c leo n  rem oval was observ ed  from  tt a b s o rp tio n  on Na,
32 1*0S , and Ca. R efe ren ce  h as  a lre a d y  been  made to  th e s e  w ith  re g a rd  to
20 23e x c i t a t io n  o f  h ig h - J  s t a t e s . The la r g e  observed  y i e l d  o f  Ne from Na,
(7 .5 6  +_ . 5^)%,  i s  s u r e ly  due in  p a r t  t o  enhancem ent o f  th e  2 s t a t e  o f  an
even -even  n u c le u s , b u t c o u ld  be i n t e r p r e t e d  as ev id en ce  f o r  th e  p re sen ce
23
o f  a  t r i t o n  c l u s t e r  i n  th e  Na n u c le u s . The r e l a t i v e l y  la r g e  y ie ld s  f o r
— 29 37 32 1+07 /2  s t a t e s  in  S i and 'A r from  th e  S and Ca t a r g e t s ,  r e s p e c t iv e ly ,
e s p e c ia l l y  th e  l a t t e r ,  and th e  l a r g e  c ro s s  s e c t io n  ( 3 6 .2  mb) f o r  p ro d u c tio n
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o f  th e  7/ 2“ s t a t e  o f  Ar from  190-MeV tt on Ca a re  n o tew o rth y  "because
Uoth e y  im ply  t h a t  3 -n u c le o n  rem oval from  th e s e  n u c l e i ,  e s p e c ia l l y  Ca,
u s u a l ly  in c lu d e s  t r a n s f e r  o f  a  fo u r th  n u c le o n , p resum ably  th e  odd n e u tro n ,
from  th e  sd  s h e l l  t o  th e  •^ n in t r i g u in g  h y p o th e s is  i s  t h a t
t h i s  r e s u l t s  from tt”  a b so rp tio n  on an a lp h a  c l u s t e r  w ith  one o f  th e  c l u s t e r
n u c leo n s b e in g  r e ta in e d  by th e  d a u g h te r  n u c le u s .
C a s t le b e r ry  e t  a l . 11*^ o b se rv ed  y ie ld s  o f  (13 +_2)% and (2 .5  + .0 .5 )#
i^ O -f o r  d e u te ro n  and t r i t o n  e m is s io n , r e s p e c t iv e ly ,  by Ca fo llo w in g  IT ab­
s o r p t io n .  A lthough th e y  d id  n o t v e to  e v e n ts  in  w hich o th e r  p a r t i c l e s  were 
e m itte d  in  c o in c id e n c e  w ith  d e u te ro n s  o r  t r i t o n s , t h e  la r g e  r e l a t i v e  abun­
dance o f  e n e r g e t ic  d e u te ro n s  and t r i t o n s  th e y  observed  s u g g e s ts  t h a t  some
d i r e c t  p r o c e s s ( e s ) ,  r a th e r  th a n  p u re  s t a t i s t i c a l  e v a p o r a t io n ,  may be i n -
— 37v o lv e d . The anom alously  la r g e  y ie ld  f o r  th e  7 /2  s t a t e  o f  Ar (2 .1  tim es
36la r g e r  r e l a t i v e  t o  th e  Ar y i e l d  th a n  p r e d ic te d  by th e  ALICE code even
| 36
w ith o u t a cc o u n tin g  f o r  th e  2 enhancem ent o f  Ar) ob serv ed  in  t h i s  s tu d y
i s  f u r th e r  ev id en ce  o f  a  d i r e c t  p ro c e ss  le a d in g  t o  3-n u c le o n  rem oval from
it”  a b s o rp tio n  on ^°C a.
I f  a  heavy c l u s t e r  i s  removed i n  a  d i r e c t  r e a c t io n  a  r e l a t i v e l y
la r g e  r e c o i l  momentum would be e x p e c te d . U n fo r tu n a te ly  th e  mean l i f e t im e
*37 qQ
o f  th e  7 /2 "  s t a t e  o f  Ar i s  (6 .3  +_ 0 .2 )  n an o seco n d s, and th e  y - r a y  l i n e  
i s  c o n se q u e n tly  n o t D oppler b ro ad en ed . D e c is iv e  a n a ly s is  o f  t h i s  mechanism 
may th u s  r e q u i r e  i d e n t i f i c a t i o n  and m easurem ents o f  energ y  s p e c t r a  and an­
g u la r  c o r r e la t io n s  o f  o u tg o in g  p ro to n s ,  n e u tro n s , d e u te ro n s , and t r i t o n s  
in  c o in c id e n c e  w ith  th e  y r a y s .
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6 . Removal o f  Four o r  More N ucleons
a . Four-N ucleon Removal
F ou r-n u c leo n  rem oval was found t o  be q u i te  p rom inen t from  th e  
32 1*0medium-mass t a r g e t s  S and Ca, was p r e s e n t ,  b u t w ith  m odest y i e l d ,
23 12 1^ from  Na, and was n o t observed  from  C and N ( th e r e  a re  no bound s t a t e s
8 12 o f  Be, so i t  cannot b e  observed  from  C w ith  t h i s  te c h n iq u e ) .  As l i s t e d
28i n  T able 1 3 , th e  y i e ld  o f  th e  f i r s t  e x c i te d  s t a t e  o f  S i from  tt a b so rp -
Op
t i o n  on S i s  (6 .79  +_ . UU)$, abou t 75$ o f  th e  summed y i e l d  f o r  a l l  s t a t e s
o b serv ed  in  tw o-nuc leon  rem oval, w hich i s  n o t e s p e c ia l l y  l a r g e ,  b u t th e  
20 S i peak i s  D oppler b roadened  w ith  a  mean r e c o i l  momentum n e a r  265 MeV/c.
A d e t a i l e d  c a lc u la t io n  o f  th e  momentum d i s t r i b u t i o n  due t o  f o u r - p a r t i c l e  
32rem oval from  S i s  n o t  p r a c t i c a l  becau se  o f  th e  com p lex ity  o f  th e  wave 
fu n c tio n s  and th e  la c k  o f  fo u r-n u c le o n  c o e f f i c i e n t s  o f  f r a c t i o n a l  p a re n ta g e . 
However, in  a  h a rm o n ic -o s c i l la to r  p o t e n t i a l  th e  momentum d i s t r i b u t i o n  has 
th e  same f u n c t io n a l  form  as th e  r a d i a l  p a r t  o f  th e  wave fu n c t io n  s c a le d  
by  th e  ro o t-m ea n -sq u a re  ra d iu s  R ^ g  o f  th e  n u c le u s . Thus s c a l in g  th e  r e ­
s u l t s  from  ^ N  and by h o ld in g  KR c o n s ta n t ,  where K i s  th e  mean 
r e c o i l  momentum, sh o u ld  p ro v id e  a  re a so n a b le  e s t im a te  o f  th e  mean r e c o i l  
momentum:
( j m \
~3 a )  ( 1 4 ? )  =  n a  M a V / c  . 0 .-3T )
T h is  i s  l e s s  th a n  h a l f  th e  m easured v a lu e . A s im i la r  r e s u l t  i s  found fo r  
th e  f i r s t  e x c i te d  s t a t e  o f  ^ A r  from  ^ C a ,  w hich was o b serv ed  w ith  a  y i e ld  
o f  (^ .5 8  +_ . 6 2 )%, and a  mean r e c o i l  momentum o f  abou t U60 MeV/c. Here
84
32 28s c a l in g  KR^g i s in  even more obvious d isag reem en t th a n  i n  th e  S -  S i 
c a s e :
("Ijo) ( I 4?) = /04 NUV/c (1.-38)
i s  l e s s  th a n  o n e - fo u r th  th e  observed  v a lu e .  These la rg e  r e c o i l  momenta 
su g g e s t t h a t  r e a c t io n s  in v o lv in g  rem oval o f  e n e r g e t ic  heavy a g g re g a te s  
may be  in v o lv e d , such  as a b so rp tio n  on c l u s t e r s ,  o r  cascade p ro c e s s e s ,  i n ­
c lu d in g  f i n a l - s t a t e  p ic k u p , r a th e r  th a n  b o i l - o f f  o f  su c c e ss iv e  p a r t i c l e s  
i n  random d i r e c t i o n s .
Two s t a t e s  o f  A r, th e  2 a t  1970 keV and th e  3-  a t  4178 keV,
4ow ere o b serv ed  i n  th e  Ca ex p e rim en t. The r a t i o  o f  th e  raw y ie ld s  i s
(2 + -> 0+) _ ( M 9 )
( R o j j f  y u d J t  ( 3 '  ^ )
To compare t h i s  w ith  a  s t a t i s t i c a l  p o p u la tio n  o f  s t a t e s ,  enhancem ent f a c ­
t o r s  were com puted u s in g  th e  known b ra n c h in g  r a t i o s  f o r  th e  e x c i te d  
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s t a t e s  o f  Ar w ith  t h r e e :d i f f e r e n t  m odels: ( l )  l e v e l  p o p u la t io n s  p ro ­
p o r t i o n a l  to  (2 J  + l ) ,  (2 )  e q u a l l e v e l  p o p u la t io n s ,  and (3) no sp in  depen­
d e n ce , b u t w ith  an energ y  w e ig h tin g  w hich assumed tt”  a b s o rp tio n  on two 
n u c le o n s , 30-MeV e x c i t a t i o n  o f  th e  d a u g h te r  n u c le u s , and b o i l - o f f  o f  two 
n e u tro n s ,  each  ta k in g  o f f  7 MeV o f  b in d in g  energ y  and 2 MeV o f  k in e t ic  
e n e rg y . T h is l e f t  a  s t a t e  w e ig h tin g  f a c to r
WFS ^  Eis/iZ  IAjlv)  .
The th r e e  m odels gave ( 2+ -*■ 0+ ) / ( 3 ” 2+ ) r a t i o s  o f  1 .9 3 , 2 .4 4 ,  and 2 .4 5 ,
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r e s p e c t iv e ly ,  a l l  o f  which a re  s m a lle r  th a n  th e  observed  v a lu e  o f  l t .6 3 . 
S ince th e  3~ l e v e l  and th e  l e v e l s  w hich fe e d  i t  in v o lv e  p o p u la t io n  o f  th e
•|a ^
n e g a t iv e - p a r i t y  f ^ 2 s h e l l ,  and s in c e  th e  2 l e v e l  and th o s e  w hich fe e d  i t
d i r e c t l y ,  r a t h e r  th a n  th e  3~ l e v e l ,  in v o lv e  p o p u la tio n  o f  th e  p o s i t i v e -
36p a r i t y  sd  s h e l l ,  th e  r e s u l t s  su g g es t t h a t  s d - s h e l l  s t a t e s  o f  Ar a re  p r e f -
_ 1^ 0
e r e n t i a l l y  p roduced  by ir a b so rp tio n  on Ca. T h is i s  i n  c o n t r a s t  t o  th e  
37p ro d u c tio n  o f  A r, where t r a n s f e r  t o  th e  /2 "  s lie l-1L dom inan t. A
p la u s ib le  e x p la n a tio n  o f  th e s e  two o b s e rv a tio n s  may be made by assum ing
th a t  p ro d u c tio n  o f  b o th  comes about p r im a r i ly  by ir a b s o r p t io n  on an a lp h a  
37c l u s t e r .  In  th e  Ar c a se  one o f  th e  n e u tro n s  from th e  c l u s t e r  i s  r e -
-g
c a p tu re d  in  th e  h ig h e r  s h e l l ,  w h ile  i n  th e  Ar c a se  a l l  fo u r  c lu s ­
t e r  n u c leo n s a re  removed w ith  r e l a t i v e l y  sm a ll e x c i t a t io n  o f  th e  r e s id u a l  
■^Ar n u c le u s .
b .  AA > k
Removal o f  more th a n  fo u r  n u c leo n s  in  tt a b s o rp tio n  has been
d e sc r ib e d  f a i r l y  s u c c e s s fu l ly  in  te rm s o f  s t a t i s t i c a l  e v a p o ra tio n  i n
32S e c tio n  A. The most s t r i k i n g  c h a r a c t e r i s t i c  o f  t h i s  r e g io n  o f  th e  S 
ItOand Ca s p e c t r a  i s  th e  dom inance o f  th e  ev en -even  n u c le i ,  e s p e c ia l l y
th o se  w ith  Z = N. The o b s e rv a tio n  o f  th e s e  d a u g h te r  n u c le i  may a r i s e  from
th e  enhancem ent o f  d e te c t io n  o f  th e  2 s t a t e s . I f  th e r e  w ere no th r e s h o ld
o f  o b s e rv a tio n  f o r  in d iv id u a l  l i n e s  i t  i s  p o s s ib le  t h a t  y ie ld s  o f  s t a t e s
o f odd-even and odd-odd n u c le i  in  t h i s  r e g io n  would sum t o  com parable
m ag n itu d es . As m entioned in  S e c tio n  A, t h i s  i n t e r p r e t a t i o n  i s  b u t t r e s s e d
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by th e  r e s u l t s  o f  H ornyak 's  ( a ,  yX) ex p erim en ts  and th e  a n a ly s is  o f  th e
Compton c o n tin u e  in  C hap ter I I I  o f  t h i s  work. H ow ever,the  r e l a t i v e l y
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la r g e  y i e ld s  o f  U = Z n u c le i  f o r  l a r g e  AA can Toe in t e r p r e t e d  as r e s u l t i n g  
from  a lp h a  c lu s t e r i n g  in  th e  t a r g e t  n u c le i ,  b u t a t  th e  p r ic e  o f  i n t r o ­
d u c in g  an in c o n s is te n c y  w ith  th e  sums o f  th e  m easured y i e l d s .
28I t  was p o in te d  o u t by N ish im ura  and Arima in  an a n a ly s is  o f  
n u c le a r  kaon a b so rp tio n  t h a t  i f  a  meson ab so rb s  on an a lp h a  c l u s t e r  (o r  
any heavy m u lti-n u c le o n  a g g r e g a te ) ,  th e  e x c i te d  s t a t e s  o f  th e  r e s id u a l  
n u c le i  a re  l i k e l y  t o  have v e ry  h ig h  s p in s .  Because o f  th e s e  h ig h  sp in s  
th e  n u c le i  w i l l  p r e f e r  a lp h a  e m iss io n  to  n e u tro n  e m iss io n . I f  t h i s  i n t e r ­
p r e t a t i o n  i s  c o r r e c t  th e  r e s u l t s  o f  th e  a n a ly s is  o f  th e  Compton c o n tin u a  
would have to  be  view ed as r e s u l t i n g  from  many y  r a y s  p e r  even-even  d a u g h te r  
n u c leu s  and r e l a t i v e l y  few from  odd-even  and odd-odd n u c le i .  A lp h a -c lu s te r  
a b s o rp tio n  has some s i m i l a r i t y  to  h e av y - io n  r e a c t io n s  in  i t s  a b i l i t y  to
e x c i te  h ig h - s p in  s t a t e s  o f  th e  r e s i d u a l  n u c le i ,  w hich em it many y  ra y s
9bp e r  d e - e x c i t a t io n .  Thus t h i s  p ro c e s s  cou ld  accoun t f o r  th e  observed  
number o f  y  ra y s  p e r  s to p p ed  p io n . H o w ev er,it would mean t h a t  th e  y ie ld s  
o f  d a u g h te r  n u c l e i ,  b o th  o b serv ed  and u n o b serv ed , would sum to  s u b s t a n t i a l l y  
l e s s  th a n  100$. T h e re fo re  t h i s  h y p o th e s is  canno t be  a c c e p te d , b u t a  more 
m odest p re fe re n c e  f o r  a lp h a - c lu s t e r  a b s o rp tio n , s a y , l e s s  th a n  20$ , w ould
be w ith in  th e  l i m i t s  o f  e r r o r  o f  th e  ex p e rim en ts .
+ 28 1*0 The 1779~keV 2 s t a t e  o f  S i p roduced in  th e  Ca ex p erim en t
d is p la y s  c o n s id e ra b le  D oppler b ro a d e n in g , w ith  a  mean r e c o i l  momentum b e ­
tween 286 and 360 MeV/c, d epend ing  upon w hich slow ing-dow n c o r r e c t io n  i s
+ Uou se d . I n  th e  i n t e r a c t io n  o f  190-MeV ir w ith  Ca t h i s  s t a t e  i s  ob serv ed  
w ith  a  v e ry  la rg e  c ro ss  s e c t io n  (8 7 .5  mb) and a  mean r e c o i l  momentum o f
eg
abou t 500 MeV/c. These r e s u l t s  su g g e s t t h a t  a b s o rp tio n  upon and e m iss io n  
o f  heavy a g g re g a te s  a re  in v o lv e d , p e rh ap s  a lp h a  c l u s t e r s ,  more e x o t i c a l l y ,
87
28 12 ^0S i and C su b g ro u p in g s  in  Ca. I t  i s  a ls o  n o tew o rth y  t h a t  i n  s tu d ie s
o f  th e  i n t e r a c t i o n  o f  220-MeV it and 190-MeV 7T+ ^  w ith  ^ V ,  a  n u c le u s
Hoin  th e  same mass ran g e  as  Ca, b u t w hich  i s  odd-even  w ith  N -  Z = 5 , no 
s i g n i f i c a n t  D opp ler b ro a d e n in g  o f  any t r a n s i t i o n  l i n e s  o f  d a u g h te r  n u c le i
+ Howas o b se rv e d . A nother i n t e r e s t i n g  r e s u l t  from  190-MeV it on Ca i s  th e
*|*
o b s e rv a tio n  t h a t ,  when c o in c id e n c e  o f  th e  incom ing it and th e  d e - e x c i t a t i o n  
y  ra y s  w ith  o u tg o in g  p io n s  30°  from  th e  beam l i n e  was r e q u i r e d ,  th e  sh ap es  
o f  some o f  th e  D o p p le r-b ro ad en ed  peaks w ere r a d i c a l l y  d i f f e r e n t  from  th o s e  
i n  th e  sp ec tru m  accu m u la ted  w ith o u t t h i s  a d d i t io n a l  re q u ire m e n t.  Some 
peaks w hich  had  a  g a u s s ia n  shape w ith o u t o u tg o in g  it c o in c id e n c e  w ere 
r e c ta n g u la r  i n  th e  sp ec tru m  ta k e n  w ith  th e  o u tg o in g  p io n  c o in c id e n c e . 
U n fo r tu n a te ly  s t a t i s t i c s  w ere r e l a t i v e l y  po o r when t h i s  l a t t e r  re q u ire m e n t 
was a p p l ie d ,  and no q u a n t i t a t i v e  r e s u l t s  a re  y e t  a v a i l a b l e ,
c .  Com parison w ith  O ther E xperim en ts
P re fe re n c e  f o r  rem oval o f  th e  e q u iv a le n t  o f  one o r  more a lp h a  
p a r t i c l e s  h as  b een  o b serv ed  in  o th e r  p io n -n u c le u s  e x p e r im e n ts . Large 
c ro s s  s e c t io n s  w ere m easured  f o r  s in g le  o r  m u l t ip le  2p + 2n rem oval from
28 ^2 Ho -S i ,  S , and Ca bom barded b y  220-MeV it a t  th e  Space R a d ia t io n  E f f e c ts  
57L a b o ra to ry . As m en tioned  in  S e c tio n  A, th e r e  was an e r r o r  m  th e  e f ­
f i c i e n c y  c a l i b r a t i o n ,  and some p eak s sh o u ld  be r e a n a ly z e d , b u t  i t  rem ain s  
c l e a r  t h a t  r e l a t i v e  t o  o th e r  d a u g h te r  n u c l e i , th o s e  c o rre sp o n d in g  t o  th e  
rem oval o f  from  one t o  f iv e  a lp h a - p a r t i c l e  e q u iv a le n ts  c o n s t i t u t e  a  con­
s id e r a b l e ,  i f  n o t d o m in an t, f r a c t i o n  o f  th e  o b serv ed  r e a c t io n  c ro s s  s e c -
Hot i o n .  The same can be s a id  o f  th e  r e s u l t s  from  th e  bombardment o f  Ca
56 121w ith  190-MeV tt , L ieb and F u n s te n  fo u n d , u s in g  th e  d e - e x c i t a t i o n
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+ 12y - r a y  te c h n iq u e , t h a t  th e  1+1+39-keV 2 s t a t e  o f  C was th e  most s t ro n g ly  
e x c i te d  ( l 6 .1  mb) o f  a l l  d au g h te r s t a t e s  r e s u l t i n g  from  th e  i n t e r a c t io n  
o f  230-MeV tt“ w ith  ^ 0 .  K o ss le r  e t  a l . , ^  in  a  s im i la r  ex p erim en t w ith
sto p p ed  ir“ found t h i s  s t a t e  p o p u la te d  w ith  a 0.81+55 y i e l d ,  w hich i s  l a r g e r
1 U 7Uth a n  any o th e r  y ie ld s  ex cep t f o r  N. U l l r i c h  e t  a l . found a y ie ld  f o r
t h i s  s t a t e  o f  k,0% by th e  same m ethod. They a ls o  m easured th e  D oppler
b ro a d e n in g , assum ing th e  momentum d i s t r i b u t i o n  to  be
a ( k )  ^  ( M i )
W ith L = 2 ,  th e y  o b ta in e d  = (77 1. 5) and (72 + 9) MeV/c f o r  th e  d o u b le ­
e scap e  and p h o to p e ak s , r e s p e c t iv e ly ,  w hich a g ree  v e ry  w e ll  w ith  th e  c a l -
122c u la t io n  o f  B alashov  e t  a l . ,  who p r e d ic te d  a  v a lu e  o f  65 MeV/c fo r  Q^.
D epending upon th e  n u c le a r  p o t e n t i a l  fu n c tio n  u sed  sh o u ld  be from  1 .0
123to  1 .3  tim es  th e  v a lu e  o f
7l+U l l r i c h  e t  a l . have a l s o  m easured y ie ld s  f o r  tt a b s o rp tio n  on 
2k 31 1+0Mg, P , and Ca, as m entioned  in  S e c tio n  A. T h e ir  m easured y ie ld s
1+0f o r  a l l  r e s id u a l  n u c le i  from  Ca a re  a t  l e a s t  a  f a c to r  o f  th r e e  sm a lle r  
th a n  th e  v a lu e s  d e te rm in ed  in  t h i s  work. They re p o r te d  t h a t  f o r  b o th  TT 
a b s o rp tio n  and f o r  60-MeV tt- , c l u s t e r  rem oval i s  com parable to  o th e r  
r e a c t io n  c h a n n e ls , b u t t h a t  i t  seems to  be dom inant n e a r  th e  A (l232) 
re so n a n c e .
121+H. E. Jack so n  e t  a l . m easured th e  y - r a y  s p e c t r a  r e s u l t i n g  
from  th e  bombardment o f  ^ N i  and ^ S i  w ith  500“MeV/c tt . They found 
s tro n g  s p e c t r a l  l i n e s  c o rre sp o n d in g  to  o n e - and tw o -a lp h a  rem oval and, i n
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th e  c a se  o f  K i, a  w eaker l i n e  c o rre sp o n d in g  t o  th r e e - a lp h a  rem o v a l. A
m ore r e c e n t  s e t  o f  e x p e r im e n t s  h a s  l o o k e d  a t  y  r a y s  from  220-MeV tt and
[|[ [-Q go 125
tt” ,  and 100-MeV n on Ni and N i, w here i t  was found t h a t  n u c le i
w ith  th e  same n e u tro n  ex cess  a s  th e  t a r g e t  ( n u c le i  d i f f e r i n g  from  i t  hy an
i n t e g r a l  number o f  a lp h a  p a r t i c l e s )  ap p ea r w ith  s i g n i f i c a n t l y  l a r g e r  c ro s s
s e c t io n s  th a n  o th e r  ev en -ev en  n u c l id e s .  S p e c i f i c a l l y ,  f o r  220-MeV tt+ and 
-  58tt in c id e n t  on N i, th e  summed c ro s s  s e c t io n s  f o r  p ro d u c tio n  o f  N -  Z = 2
n u c le i  w ere found  t o  be 131 and 135 mb, r e s p e c t i v e l y ,  w h ile  th e  an a lo g o u s
summed c ro s s  s e c t io n s  f o r  p ro d u c tio n  o f  N -  Z = k n u c le i  w ere o n ly  58 and
609U mb. In  c o n t r a s t ,  f o r  th e  same p r o j e c t i l e s  i n c id e n t  on N i, th e
N -  Z = 2 n u c le i  w ere seen  w ith  c rq ^ s  s e c t io n s  o f  67 and k9 mb, b u t  th e
N -  Z = k n u c le i  w ere see n  w ith  c ro s s  s e c t io n s  o f  99 and 152 mb.
126A shery  e t  a l . have u sed  th e  d e - e x c i t a t i o n  y - r a y  m ethod t o
27m easure c ro s s  s e c t io n s  f o r  d a u g h te r  n u c le i  p ro d u ced  by bombardment o f  Al
28 -  +  and S i w ith  70-MeV ir and  2 5 , 7 0 , and 100-MeV tt . They fo u n d  l a r g e  c r o s s
s e c t io n s  f o r  e q u iv a le n t  a lp h a  rem o v a l f o r  b o th  n u c le i  and b o th  p io n  c h a rg e s .
Some ir"’- i n t e r a c t i o n  s tu d ie s  w hich  m easured  th e  o u tg o in g  c h a rg ed
p a r t i c l e s  a l s o  p ro v id e  ev id en ce  in  fa v o r  o f  a lp h a  c l u s t e r i n g .  P a r t i c u l a r l y
117n o tew o rth y  i s  t h a t  o f  C a s t le b e r ry  e t  a l . , who m easured th e  en erg y  s p e c -
1 2  3t r a  and y i e ld s  f o r  H, H, and H e m iss io n  from  a  number o f  l i g h t -  and
medium-mass n u c le i  fo llo w in g  7T~ c a p tu r e .  They found  t h a t  th e s e  s p e c t r a  and
Ity i e ld s  a re  q u i t e  s im i la r  to  th o s e  o b ta in e d  from  tt a b s o rp tio n  on He, 
w hich  su g g e s ts  t h a t  a b s o rp tio n  on a lp h a  c l u s t e r s  may p la y  a  s i g n i f i c a n t  
r o l e  in  tt-  a b s o r p t io n  on th e s e  n u c le i .  Two e x p e rim en ts  have a l s o  b een  done
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t o  m easure th e  s p e c t r a  o f  a lpha  p a r t i c l e s  e m i t te d  b y  n u c le i  fo llo w in g  tt 
i n t e r a c t i o n s ,  The m o tiv a tio n  f o r  th e s e  was t o  t e s t  th e  h y p o th e s is  t h a t  
a b so rp tio n  on one a lp h a  c lu s te r  p ro d u ces  a  h ig h - J  d a u g h te r  w h ich , b e ca u se
o f  i t s  h ig h  s p in ,  d e - e x c i te s  by  e m iss io n  o f  lo w -en e rg y  a lp h a  p a r t i c l e s  i n -
28 127s te a d  o f  n e u t r o n s . Comiso e t  a l . found t h a t  a lp h a s  e m itte d  i n  prom pt
— IPco in c id en c e  w ith  tt s to p s  in  C w ere  p re d o m in a n tly  o f  low  energy  ( l e s s
th a n  10 MeV), and t h a t  (l.OO + 0 .0 7 )  a lp h a s  w ere  p ro duced  p e r  tt~ s to p .
128Doron e t  a l . m easu red  th e  sp e c tru m  o f a lp h a  p a r t i c l e s  e m itte d  fo llo w in g
27th e  bombardment o f  A l w ith  70-MeV it and fo u n d  a  c ro s s  s e c t io n  o f  
(6 +_ 2 ) m b /sr f o r  th e  a lp h a  e n e rg y  ran g e  5 .5  -  30 MeV. They o b ta in e d  p r e ­
lim in a ry  agreem ent w i th  th e  p r e d ic t io n s  o f  a  cascad e  e v a p o ra t io n  m odel.
E x p e rim e n ta l s tu d ie s  u s in g  bom barding p a r t i c l e s  o th e r  th a n  p io n s
have a l s o  g iv e n  r e s u l t s  which a r e  s u g g e s tiv e  o f  a lp h a  c lu s t e r i n g  in
129n u c le i .  Of p a r t i c u l a r  i n t e r e s t  i s  an e x p e rim en t by B arnes e t  a l . ,  who
sto p p ed  n e g a tiv e  k ao n s  in  N i, Cu, S i ,  and A l ,a n d  o b se rv ed  th e  d e - e x c i t a t io n
y  r a y s . I n s te a d  o f  s e e in g  a predom inance o f  n e u tro n -p o o r  is o to p e s  o f  th e
(Z -  l ) ,  (Z -  2 ) ,  and  (Z -  3 ) e le m e n ts ,  a s  p r e d ic te d  by  t h e i r  e v a p o ra t io n
code ( t h i s  c o n f l i c t s  w ith  th e  p r e d i c t i o n s  o f  th e  ALICE code used  i n  t h i s
work) ,  th e y  found  f o r  N i, rem oval o f  one, tw o , o r t h r e e  e q u iv a le n t  a lp h a
p a r t i c l e s ,  and f o r  Cu, rem oval o f  a  t r i t o n  p lu s  z e ro , o n e , o r  two a lp h a s .
103These r e s u l t s  a re  s i m i l a r  to  th o s e  found by  Jack so n  e t  a l . f o r  f a s t
p io n s  in c id e n t  on n i c k e l  i s o t o p e s . For th e  l i g h t e r  t a r g e t s  B arnes e t  a l . 
found s in g le - p r o to n  rem oval and rem oval o f  one o r  two e q u iv a le n t  a lp h a s  to  
be th e  p ro m in en t f e a t u r e s .
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197Evidence f o r  a lp h a  c lu s t e r i n g  in  Au n u c le i  has b een  o b ta in e d  
by A d le r e t  a l .  who s tu d ie d  th e  '*"'^Au {y , o O ^ ^ I r  r e a c t io n  w ith  500-MeV
b re m s s tra h lu n g . T h e ir  d a ta  ag reed  w e l l  w ith  a  c a lc u la t io n  w hich assumed
en ergy  o f 16 MeV.
A number o f  h e av y -io n  ex p erim en ts  g iv e  r e s u l t s  which a re  su gges­
t i v e  o f  a lp h a  c lu s t e r i n g .  S ee , fo r  exam ple, r e f e r e n c e  131. One o f  p a r ­
t i c u l a r  i n t e r e s t ,  b ecau se  i t  in v o lv e s  even -even  s d - s h e l l  n u c l e i ,  i s  a
d i f f e r e n t i a l  c ro s s  s e c t io n  ag re es  w e ll  w ith  a c a lc u la t io n  assum ing d i r e c t  
t r a n s f e r  o f an a lp h a  p a r t i c l e  in  an e x c i te d  s t a t e .
7 . A lp h a -C lu s te r in g  Theory
Two t h e o r e t i c a l  a n a ly se s  o f  p io n -n u c le u s  s c a t t e r in g  w hich a re
b a se d  on n u c le a r  c l u s t e r  m odels have g iv en  r e s u l t s  w hich ag ree  w ith  e x p e r i -
133ment to  w ith in  10 t o  20$. H ufner e t  a l . computed p io n -n u c le u s  s c a t t e r in g
le n g th s  f o r  a l l  th e  s ta b le  n u c le i  w ith  A <_ 20 assum ing a lp h a  c lu s t e r i n g .
12F or exam ple, f o r  C th e y  assumed
w here d i s  th e  d is ta n c e  betw een c l u s t e r  c e n t e r s . Agreement w ith  experim en t 
was b e t t e r  th a n  to  w ith in  20$, w ith  b e s t  agreem ent f o r  N = Z even-even
13 k
n u c le i .  Yam h as  computed th e  fo rw ard  am p litu d e  f o r  p io n -n u c le u s  s c a t ­
t e r i n g  in  th e  A (l232) r e g io n  u s in g  G lauber fo rm alism  and a  c l u s t e r  model 
o f  th e  n u c le u s . Agreem ent t o  w ith in  10$ was found fo r  l i g h t  n u c le i  up  to
197th e  p re sen c e  o f  fo u r  a lp h a  c lu s t e r s  on th e  Au, each  w ith  a  mean k i n e t i c
s tu d y  o f  th e 1 132C) Ar r e a c t io n  by C h a r lto n  and Robson. T h e ir
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16 27 320 , "but po o r agreem ent was o b ta in e d  f o r  A l and S . The ag reem ent was
v e ry  p o o r f o r  a  n u c leo n  model a l l  a c ro s s  th e  mass sp ec tru m . T h is  i s  n o t 
s u r p r i s i n g ,  how ever, b ecau se  u se  o f  th e  c l u s t e r  m odel s id e s te p s  a  v e ry  
d i f f i c u l t  c a l c u l a t i o n  in v o lv in g  i n f i n i t e l y  many s c a t t e r i n g s  on s t r o n g ly  
c o r r e l a t e d  n u c leo n s  by  u s in g  th e  s c a t t e r i n g  d a ta  on th e  c l u s t e r s ,  w hich 
ap p ro x im ate  th e  c h a r a c t e r i s t i c s  o f  s t r o n g ly - c o r r e l a t e d  n u c le o n s .
T h e o r e t ic a l  m odels o f  c l u s t e r  phenomena ran g e  from  p u re  c l u s t e r  
th e o r i e s  w hich p o s tu l a t e  t h a t  a l l  ev en -ev en  N =Z n u c le i  c o n s i s t  o f  non­
v a ry in g  g e o m e tr ic a l  c o n f ig u r a t io n s  o f  a lp h a  c l u s t e r s ,  t o  h y b r id  schemes 
w hich t r e a t  a lp h a  c lu s t e r i n g  as  r e l a t i v e l y  s m a ll  p e r tu r b a t io n s  su p erim ­
p o sed  upon a  b a s ic  s h e ll-m o d e l p i c t u r e .  T y p ic a l  o f  th e  fo rm er, a re  th e
2k- ' 20m odels o f  Hauge e t  a l . ,  who c a lc u la t e d  t h a t ,  f o r  exam ple, Ne sh o u ld  be
2k 28a D_, d i s t o r t e d  te t r a h e d r o n ,  Mg a  b i t e t r a h e d r o n .  S i a  D„, o b la te  s t r u c -  3d > ’ 3d
t u r e ,  and ^ C a  an o c tah e d ro n  o f  a lp h a s  su rro u n d in g  a  t e t r a h e d r a l  ^ 0  c o re .
S im i la r ly ,  In o p in  e t  a l . 1^  p r e d i c t  c l u s t e r i n g  o f  ^2C, 2^Ife, 2^Mg, 2^ S i ,
32 Uo 16S , and p o s s ib ly  Ca, b u t c la im  a  s h e l l  s t r u c t u r e  f o r  0 . They a ls o
p r e d ic t  i n t e n s i f i e d  c lu s t e r i n g  i n  e x c i te d  r o t a t i o n a l  s t a t e s .
12A le n g th y  s tu d y  o f  C h e v a r ie r  e t  a l . o f  p r o to n - ,  d e u te r o n - ,
^H e-, and a - in d u c e d  r e a c t io n s  on ^ C o ,  ^°W i, ^^G a, ^ ^ S b ,  and 21^Po found
t h a t  a  p r e - e q u i l ib r iu m  r e a c t io n  model w hich assum ed p re fo rm a tio n  o f  a lp h a
c l u s t e r s  gave good ag reem ent w ith  m easured c ro s s  s e c t io n s .  They d e f in e d
a  q u a n t i ty  P , th e  p re fo rm a tio n  f a c to r  f o r  fo u r  n u c leo n s  t o  be  c o r r e la t e d  oc
as  an a lp h a  p a r t i c l e ,  and found i t  t o  ra n g e  betw een  0 .1  and 0 .8  f o r  th e  
n u c le i  s tu d ie d ,  w ith  an av erag e  v a lu e  o f  abou t 0 .2 .  They a ls o  p o in te d  o u t 
t h a t  th e  l a r g e s t  p a r t  o f  th e  c a lc u la te d  e m is s io n  a r i s e s  from  th e  d i f f u s e
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edge o f  th e  n u c le u s , T his a g re e s  v e ry  w e ll  w ith  c a lc u la t io n s  made by 
C la rk  and W an g ,^  who concluded  t h a t  20/5 c lu s t e r i n g  i s  p o s s ib le  when th e  
n u c le a r  m a tte r  d e n s i ty  i s  l e s s  th a n  9®% o f  th e  d e n s i ty  o f  th e  n u c le a r  
c e n t e r .
In  summary, th e re  i s  a  c o n s id e ra b le  body o f  ev id en ce  w hich i n ­
d ic a te s  t h a t  some m easure o f  a lp h a  c lu s t e r i n g  e x i s t s  in  n u c le i ,  e s p e c ia l l y  
even-even  N = Z i s o to p e s . Some o f  th e  r e s u l t s  o f  th e  i f - a b s o r p t io n  e x p e r i ­
ments d e s c r ib e d  in  t h i s  work te n d  t o  s t r e n g th e n  t h i s  c o n je c tu re ,  i n  p a r -
32 1*0t i c u l a r  ( l )  th e  anom alously  la r g e  y ie ld s  f o r  AA = 3 from  S and Ca and
th e  p a r t i c u l a r  (^ 7 / 2“  ^ s 't a-'te s  e x c i t e d ,  ( 2 ) la r g e  r e c o i l  momenta o f  some
d a u g h te r  n u c le i  w hich co rre sp o n d  t o  rem oval o f  one o r  more a lp h a  p a r t i c l e s ,
and (3 ) th e  ten d en cy  in  some c a se s  tow ard  e x c i t a t i o n  o f  h ig h -s p in  s t a t e s .
However, even though  c lu s t e r i n g  may be th e  s im p le s t  e x p la n a tio n  o f  th e s e
phenom ena, th e y  can be e x p la in e d  by o th e r  p ro c e s s e s ,  such  as in t r a n u c le a r
cascad es  and f i n a l - s t a t e  i n t e r a c t i o n s .  F u r th e r ,  th e  b u lk  o f  th e  d a ta ,
in c lu d in g  th e  la r g e  observ ed  y ie ld s  f o r  even -ev en  d a u g h te r  n u c le i ,  can be
e x p la in e d  q u i te  a d e q u a te ly  by  s t a t i s t i c a l  e v a p o ra tio n  p lu s  enhancem ent
o f  th e  2+ s t a t e s  o f  even-even  n u c l e i . More ev id en ce  i s  needed b e fo re  th e
I 36argum ent in  fa v o r  o f  a lp h a  c lu s t e r i n g  can be  c o n s id e re d  co m p ellin g .
P io n  a b s o r p t io n ,  b ecau se  o f  th e  energy-momentum m ism atch , shou ld  
be a  v a lu a b le  te c h n iq u e  in  th e  c o n tin u in g  s e a rc h  f o r  c lu s t e r in g  phenomena. 
C a re fu l com parisons betw een Tr""-absorption d a ta  and f a s t - p io n  r e a c t io n s  
sho u ld  be v a lu a b le  b ecause  o f  th e  d i f f e r e n c e  in  momentum t r a n s f e r  and in
r e a c t io n  t im e s ,  w hich a re  on th e  o rd e r  o f  10 ^  s e c .  f o r  I s  and 10 ^  s e c .
137 -23f o r  2p a b s o r p t io n ,  and abou t 3 x 10 s e c .  fo r  a  p io n  t r a v e r s in g  a
9h
medium-mass n u c le u s  n e a r  th e  A(1232) re s o n a n c e . In  a  sen se  th e  f a s t  p io n  
ta k e s  a  sn a p sh o t o f  th e  n u c le u s ,  w h ile  th e  p io n  a b so rb in g  from  a to m ic  o r b i t  
sen se s  i t s  com plete  wave f u n c t io n ,
C. C o n clu sio n s
The d a ta  from  th e  e x p e rim en ts  d e s c r ib e d  in  t h i s  work, c o n ta in  an 
enormous amount o f  in fo rm a t io n . U n fo r tu n a te ly ,  how ever, i n t e r p r e t a t i o n  o f  
th e s e  d a t a  i s  made d i f f i c u l t  b e ca u se  ( l )  th e  s t r o n g - i n t e r a c t i o n  dynam ics 
o f  th e  i n i t i a l  a b s o r p t io n  mechanism a re  n o t w e l l  u n d e rs to o d , and ( 2 ) th e  
r e la t iv e ly - m e s s y  f i n a l - s t a t e  i n t e r a c t i o n s  o f  th e  d a u g h te r  n u c le i  w ith  th e  
e m itte d  n u c leo n s  m ust be u n fo ld e d  from  th e  d a ta  i n  o rd e r  t o  o b ta in  i n f o r -  
m ation  on th e  a b s o rp t io n  p ro c e s s .  I n  s p i t e  o f  th e s e  d i f f i c u l t i e s ,  w hich 
a re  g e n e r a l ly  s h a re d  by o th e r  te c h n iq u e s  d e s ig n e d  t o  p ro b e  s h o r t - r a n g e  
n u c le a r  c o r r e l a t i o n s ,  th e r e  a re  a  number o f  c o n c lu s io n s ,  some d e f i n i t e  
and some t e n t a t i v e ,  w hich can be  drawn from  t h i s  s tu d y :
1 .  G ross f e a tu r e s  o f  th e  s p e c t r a  can b e  e x p la in e d  by a  com bina­
t io n  o f  q u a s i- im p u lse -a p p ro x im a tio n  r e a c t io n s  and s t a t i s t i c a l  e v a p o r a t io n .
2 . The w ide ra n g e  o f  en erg y  d e p o s i t io n  needed  t o  a c c u r a te ly  
d e s c r ib e  th e  g ro s s  f e a tu r e s  o f  th e  s p e c t r a  s u g g e s ts  t h a t  it a b s o r p t io n
in v o lv e s  a  v a r i e t y  o f  r e a c t io n  p r o c e s s e s .
32 Uo3 . The y ie ld s  o f  ev en -ev en  d a u g h te r  n u c le i  from  S and Ca 
g iv e  f a i r  agreem ent w ith  th e  p r e d ic t io n s  o f  R u d stam 's  s p a l l a t i o n  fo rm u la .
it a b s o r p t io n  a p p ea rs  from  t h i s  a n a ly s i s  t o  be more e f f e c t i v e  i n  e x c i t in g
1+0 32Ca n u c le i  th a n  S.
1+. Tw o-nucleon rem oval does n o t e x c i t e  0 , 1 s t a t e s  o f  d a u g h te r  
n u c l e i .  T h is  i s  in  ag reem ent w ith  a  c a lc u la t io n  assum ing d i r e c t  a b s o r p t io n  
on a  r e l a t i v e  S - s t a t e  np p a i r .
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5 . A lthough  n o t c o n c lu s iv e ,  t h e r e  seems t o  he some p re fe re n c e  
f o r  e x c i t a t i o n  o f  h ig h - s p in  s t a t e s  o f  d a u g h te r  n u c l e i .  T h is may he a  r e ­
s u l t  o f  p io n -a h s o rp t io n  on heavy  m u ltin u c le o n  a g g re g a te s  in  th e  t a r g e t  
n u c l e i ,  a lp h a  c l u s t e r s  h e in g  one p o s s i b i l i t y .
6 . S in g le -n u c le o n  e m iss io n  i s  su p p re sse d  r e l a t i v e  t o  2 - ,  3 - ,  
and l+-nucleon e m is s io n , and may he t o t a l l y  a b se n t in  th e  c a se s  o f  ev en - 
even  t a r g e t s ,  a lth o u g h  a m b ig u it ie s  in  y - r a y  i d e n t i f i c a t i o n  make th e  r e s u l t s  
somewhat in c o n c lu s iv e .
7 . Tw o-nucleon e m iss io n  i s  th e  o n ly  p ro c e s s  o b se rv ed  from  tt 
12 11+ /a b s o rp tio n  on C and N ( t h i s  e x p e rim en t was n o t s e n s i t i v e  t o  most 
l a r g e r  v a lu e s  o f  M  b e c a u se  o f  th e  la c k  o f  bound e x c i te d  s t a t e s  i n  t h i s
mass r e g io n ) ,  and i s  a  p ro m in e n t, b u t  n o t d o m in an t, p a r t  o f  th e  s p e c t r a
23 32 1+0 -from  Na, S , and Ca. Thus th e  e a r ly  h y p o th e s is  t h a t  tt a b s o r p t io n
23sh o u ld  r e s u l t  a lm ost s o l e l y  in  tw o -n u c leo n  e m iss io n  i s  n o t v a l i d ,  and th e  
p ro c e s s e s  a re  more com plex.
8 . Tw o-nucleon e m iss io n  from  p ro d u ces  ^2C i n  i t s  f i r s t  2+ 
s t a t e  w ith  a  r e c o i l  momentum o f  (169  + .6 ) MeV/c, w hich a g re e s  t o  w ith in  
12% w ith  th e  v a lu e  p r e d ic te d  by  a  c a l c u l a t i o n  w hich assum es tt** a b s o rp tio n  
on a  r e l a t i v e  S-wave t r i p l e t - s t a t e  np p a i r .
9 .  The r a t i o  o f  np to  pp rem o v a l was o b se rv ed  t o  be  ab o u t 1 f o r
32 1+0th e  even -ev en  t a r g e t s  S and Ca, and a b o u t 3 f o r  th e  odd-even  t a r g e t  
23Na. The l a t t e r  a g re e s  w ith  a  s im p le  m odel f o r  th e  p ro c e s s .  Assuming
t h i s  t o  be v a l i d ,  th e  r a t i o  o f  th e  r a t i o s  f o r  ev en -even  and odd-even  t a r -
+
g e ts  a g re e s  w ith  a  s t a t i s t i c a l  c a l c u l a t i o n  o f  th e  enhancem ent o f  2 s t a t e s
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o f  ev en -ev en  n u c l e i ,  w hich p r e d i c t s  th e s e  s t a t e s  t o  be  enhanced  by a  f a c ­
t o r  o f  ab o u t 3 ov er lo w -en e rg y  s t a t e s  o f  odd-even  n u c l e i ,
1 0 . T h re e -n u c le o n  e m iss io n  i s  com parable  in  y i e l d  t o  tw o -n u c leo n
23 32 1+0em iss io n  f o r  tt a b s o rp t io n  on Na, S , and Ca, and i s  anom alously  la r g e
23 20 p re se n c e  i s  s t r i k i n g  f o r  Na, w here th e  d a u g h te r  i s  Ne, w hich h as  been
in  com parison  w ith  p r e d ic t io n s  o f  th e  s t a t i s t i c a l  e v a p o ra t io n  co d e . I t s
. (;
2k 135h y p o th e s iz e d  t o  have an a lp h a - c lu s t e r  s t r u c t u r e .  ’
llO  3 71 1 . T h re e -n u c le o n  rem oval from  Ca p ro d u ces  'Ar d a u g h te r
n u c le i  p re d o m in a n tly  w ith  one n e u tro n  t r a n s f e r r e d  t o  th e  f y /g  F o u r-
36n u c leo n  rem oval p ro d u ces  Ar w ith  n u c leo n s  rem a in in g  in  th e  sd  s h e l l  more
f r e q u e n t ly  th a n  p r e d ic te d  by  s t a t i s t i c s .  These r e s u l t s  s t r e n g th e n  th e
1+0h y p o th e s is  t h a t  some a b s o r p t io n  on a lp h a  c l u s t e r s  o ccu rs  w ith  Ca.
1 2 . F o u r-n u c leo n  em iss io n  i s  com parab le  t o  2 -  and 3 -n u c le o n
32 1+0e m issio n  f o r  th e  S and  Ca t a r g e t s ,  b u t  i s  r e l a t i v e l y  s u p p re s se d  i n  th e  
23c ase  o f  Na. M u lt ip le  e q u iv a le n t - a lp h a  e m iss io n  i s  a ls o  p r e s e n t  in  th e
320 . l+0„S and Ca r e s u l t s .
-  321 3 . From th r e e  t o  f iv e  y  r a y s  a re  e m it te d  p e r  it s to p  on S and
1+0Ca. T h is may r e s u l t  from  e x c i t a t i o n  o f  h ig h -e n e rg y  s t a t e s  o f  a  w ide 
v a r i e t y  o f  d a u g h te r  n u c l e i ,  o n ly  a  sm a ll f r a c t i o n  o f  w hich Eire o b se rv ed  as 
p h o to p e a k s .
ll+. The s p e c t r a  o f  d a u g h te r  n u c le i  from tt a b s o r p t io n  a re  q u a l i ­
t a t i v e l y  s im i la r  to ' s p e c t r a  from  bombardment w ith  f a s t  p io n s  in  b o th  ch arg e  
s t a t e s  n e a r  th e  A (l23 2 ) re s o n a n c e . The l a t t e r  a p p ea r to  be  somewhat more 
e f f e c t i v e  in  p ro d u c in g  m u l t ip l e - e q u iv a le n t - a lp h a  rem o v a l, how ever.
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I t  i s  custom ary , in  co n c lu d in g  a  s tu d y  su ch  as t h i s ,  t o  su g g es t
where f u tu r e  s tu d ie s  in  th e  f i e l d  may be d i r e c te d  i n  o rd e r  t o  c l a r i f y
q u e s tio n s  l e f t  u n re so lv e d  by th e  c u r re n t  work. Some o f  th e  q u e s tio n s
m o tiv a tin g  t h i s  s tu d y  have b een  c le a r ly  answ ered , su ch  as w h e th er 0+ , 1
12 2+s t a t e s  a re  e x c i te d  in  tt a b s o r p t io n ,  th e  mean r e c o i l  momentum o f  C
lk
from a b so rp tio n  on N, and th e  range o f  e x c i t a t io n  e n e rg ie s  r e s u l t i n g  from 
32 1+0a b so rp tio n  on S and Ca. Throughout t h i s  a n a ly s is  h in t s  i n  fa v o r  o f  
some d eg ree  o f  ir~ a b so rp tio n  on a lp h a  c l u s t e r s  have ap p ea re d , b u t ,  however 
s t r a in e d ,  o th e r  i n t e r p r e t a t i o n s  o f  th e s e  r e s u l t s  can be  made, and th e  
ev id en ce  f o r  a lp h a  c lu s t e r in g  canno t be c o n sid e re d  c o m p e llin g . Taken i n  
th e  l i g h t  o f  o th e r  ev idence  f o r  c lu s t e r  s t r u c tu r e s  i n  n u c le i ,  i t  does 
len d  some w eig h t t o  th e  c lu s t e r i n g  h y p o th e s is .  T h is  q u e s tio n  o f  c lu s t e r in g  
has become one o f  th e  prim e q u e s tio n s  o f  concern  t o  p h y s ic i s t s  s tu d y in g  
n u c le a r  s t r u c tu r e  w ith  m edium -energy p ro b e s , and tt~ a b s o r p t io n ,  a lo n g  w ith  
p io n -n u c le u s  in te r a c t io n s  a t  h ig h e r  e n e r g ie s ,  w ith  a l l  i t s  in h e re n t  p ro b ­
lem s, i s  a t  l e a s t  as u s e f u l  a  t o o l  in  th e s e  s tu d ie s  a s  a re  o th e r  medium- 
energy  p ro b e s .
A n a ly sis  o f  d e - e x c i ta t io n  y - r a y  s p e c t r a  ta k e n  in  prom pt c o in ­
cidence w ith  in c id e n t  p io n s ,e i t h e r  f a s t  o r  s to p p ed , h a s  b ro u g h t p r e c is e  
energy  r e s o lu t io n  and a c c u ra te  r e c o i1-momentum m easurem ents t o  th e  s tu d y  
o f  p io n -n u c le u s  r e a c t io n s .  I t  has i t s  w eak n esses, how ever, in  t h a t  some 
r e a c t io n s  cannot be  observed  because  o f th e  la c k  o f  bound e x c i te d  s t a t e s  o f
th e  e x p ec ted  r e s id u a l  n u c le i ,  and becau se  in  many c a s e s  th e  r e a c t io n  ch an -
32n e l  canno t be u n iq u e ly  d e te rm in ed . For exam ple, th e  p ro d u c tio n  o f S 
IfOfrom Ca m ight r e s u l t  from  th e  e je c t io n  o f  as few a s  two p a r t i c l e s  o r  as
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many a s  e i g h t .  I n  o rd e r  to  s o r t  th e s e  d i f f e r e n t  p ro c e s s e s  i t  w i l l  he
n e c e s s a ry  to  d e te c t  th e  o u tg o in g  p a r t i c l e s ,  ( tt,  2p ) , ( it,  n p ) , and ( tt,
7(5 1082n) e x p e rim en ts  h ave  "been p e rfo rm e d , * an d , o f  c o u rs e , ( tt,  y X ), as  in  
t h i s  .s tu d y  and e ls e w h e re . I n  th e  s tu d ie s  w hich  o b se rv e  only  o u tg o in g  
n u c leo n s (and p io n s )  i t  i s  g e n e r a l ly  im p o ss ib le  t o  d e te rm in e  th e  s t a t e  o f  
th e  r e s i d u a l  n u c le u s ,  w hereas i n  th e  y - r a y  s tu d ie s  th e  n a tu re  o f  t h e  o u t­
go ing  p a r t i c l e s  i s  n o t  u n iq u e ly  d e te rm in e d . T hese d i f f i c u l t i e s  w i l l  b e  
overcom e, n a t u r a l l y ,  i f  c o in c id e n c e  o b s e rv a tio n s  o f  y  r a y s  and p a r t i c l e s  
a re  m ade. Unique i d e n t i f i c a t i o n  o f  s t a t e s  o f  r e s i d u a l  n u c le i  ta k e n  in  
c o in c id e n c e  w ith  i d e n t i f i c a t i o n ,  energy  s p e c t r a ,  and an g u la r  d i s t r i b u t i o n s
and c o r r e l a t i o n s  o f  o u tg o in g  p a r t i c l e s ,  sh o u ld  g iv e  b e t t e r  e v id en ce  as  to
13dth e  im p o rtan ce  o f  p reform ed  a lp h a  c l u s t e r s  in  n u c l e i .
E xperim en ts  in  w hich c o in c id e n c e s  o f  d e - e x c i t a t io n  y r a y s  and 
o u tg o in g  p a r t i c l e s  a re  ta k en  w i l l  r e q u ir e  p io n  beams o f  g r e a te r  i n t e n s i t y ,  
and b e t t e r  momentum and s p a t i a l  r e s o l u t i o n ,  th a n  th o s e  a v a i la b le  up t o  th e  
p r e s e n t .  H ig h e r - e f f ic ie n c y  y - r a y  d e te c to r s  a re  a l s o  d e s i r a b le .  Some o f  
th e  new g e n e ra tio n  o f  m edium -energy a c c e l e r a to r s ,  such  as th e  SIN c y c lo t ro n  
in  V i l l i g e n ,  S w itz e r la n d , and t h e  TRIUMPF c y c lo t r o n  n e a r  V ancouver, B .C ., 
sh o u ld  m eet th e s e  re q u ire m e n ts .  The LAMPF a c c e l e r a to r  a t  Los A lam os, N.M. 
i s  an e x tre m e ly  v a lu a b le  t o o l  f o r  p io n  p h y s ic s  r e s e a r c h ,  b u t i t  i s  u n l ik e ly  
t o  be o f  v a lu e  f o r  t h i s  p a r t i c u l a r  ty p e  o f  e x p e rim en t b ecause  o f  i t s  low 
du ty  f a c t o r ,
When c o in c id e n c e  e x p e r im e n ts  o f  t h e  n a tu r e  j u s t  d e s c r ib e d  b e ­
come a  r e a l i t y ,  h o p e fu l ly  in  th e  n e a r  f u t u r e ,  s tu d ie s  o f  p io n -n u c le u s  r e a c ­
t io n s  sh o u ld  re a c h  t h e i r  f u l l  p o t e n t i a l  as s u p e r io r  p ro b es  o f  th e  d e t a i l e d  
s t r u c tu r e  o f  a tom ic  n u c le i .
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T ab le  1 
P r o p e r t ie s  o f  P ions
A. Charge
q( 7 ^ )  = ± e = ± 1 .6  x 10"19 c o u l. 
q( 7r ° )  -  0
B. Mass
m trr* )  = 139 .6  MeV/c2 
m(7T°) = 135.0 MeV/c2
C. Spin 
J ( 7 f )  = 0
D. P a r i t y
P ions have odd i n t r i n s i c  p a r i t y  in  th e  co n v en tio n  where th e  i n t r i n s i c  
p a r i t y  o f  n u c leo n s i s  d e f in e d  t o  be  even .
E. I s o s p in
T {'If) = 1
T3 ( 7 f + ) = + 1 , T3 ('7T°) = 0 , T3 ('T7'“ ) = -1
F. G -  P a r i t y
The G -p a r i ty  o p e r a to r  i s  d e f in e d  to  be th e  p ro d u c t o f  th e  charge
i  i f  Toc o n ju g a tio n  and ch arg e  symmetry o p e ra to r s :  G = Ce , where
m  q
e 2 r e p r e s e n ts  a  180 r o t a t i o n  in  is o s p in  space  around  th e  T^ 
a x is ,  t h a t  i s ,  i t  changes T3 t o  -T g. P io n s  have n e g a tiv e  G -p a r i ty .
Table 1 - (continued)
G. Mean L ife t im e s
+  —f t
* X  ( 1 f ~ )  =  2 .6 0  x  10 se c .
' V  ( r r ° )  =  0 . 8if x  i o “ l6  s e c .
H. Decay Modes
7T+ A + + Vm- "1
_  > 100#
n r - - >  j x r  + J
7r °  - t> 2Y 98.85?
1 T °  ) !  + e+ + e "  1.2JS
These p r o p e r t i e s  w ere ta k e n  from  re fe re n c e s  29 and 30.
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T ab le  2 
Magnet C u rre n t S e t t in g s
Magnet C u rre n t ( amps)
Quad In  90
Quad Out 90
B ender 110
T ab le  3 
Energy C a l ib r a t io n s
E = a (c h a n n e l n o .)  + b 
T a rg e t D ate a (k e V /c h .)
12C Dec. 1971 1 .3 8 7
lUN J a n . 1973 3 .8 8
23Na June 1971* 3 .2676
32S O c t. 1972 2 .9 ^ 9
^°C a May 19lb  3-753
b(keV )
+2 2 6 .
+102.
+ 9 - l b
-  8 9 .O 
+1U1.1
T able 4 
Number o f  'ft S tops (123)
T a rg e t D ate Tt  S tops (123)
12c Dec, 1971 4 .3 4 x 109:
J a n . 1973 8 .2 7 x 108
23Na June 197^ 2 .8 2
9
x 10*
32s O ct. 1972 6 .34 x  109
*°Ca May 1974 1 .185 x l O 10
T able 5 
E f f e c t iv e  H a lf-T h ick n e sse s
T a rg e t M a te r ia l
Carbon
Sodium
S u lfu r
Calcium
o f  T a rg e ts
JLh (gm/cm2 )
2 .7 8
7 .8
4 .2 1
6.2
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T able  7
C o rrec ted  Y ie ld s  fo r  th e  L ev e ls  O bserved
-  12in  t h e  Tt + C E xperim en t.
Ttr  A b so rp tio n 12 _ on C
D aughter N ucleus J P , T Energy (keV) Y ie ld  (%)
oH
H + o 717 9.U6 ± .31
10E 0+ , 1 17^0 .1 4  ± .12
10B
Or»
+H 215 U 1*.23 ± .23
T o ta l  Y ie ld  = (13-83 ± ^0)$
105
-5T on C— m CM VO CM f - o \ CO rH - = r co O
Vi O o rH H CM r H CM CM rH CM on LA on CM
*d • • • • ♦ » • ■ ■ • » « •
p H<L> +i +i +1 +i +1 +1 +1 +  1 +1 +1 +i +1 +L +1
fH
C— CO CM t - LA CM t— 0J LA on CM VO LA -=r
& CM o t - CO ON - i f LA CM on LA in o \ LA
cd * a » * m * « • • • • ♦ •
P 5 rH J—1 CM H rH t - H
•po0)
co
cdaon
CM
O O
(D
rH■3
EH
Ul
" f t *
X
<
+1
+ x
s
<
O + i
, d
• P ■ x
d S
• H ' —
Pe
ak
s
3 LA CO CO CO CO CO CO CO c o CO t — t - CO
O o o O o O o o o o O o O O
r H rH 1—1 r H rH rH rH 1—1 r H rH rH rH H i—1
X X X X H X X X X X X X X
- I f J - CO LA c— O rH CM OO CO CO CM I— o
O rH CD C - CM CO CM LA LA H t - LA o 0 -* • • • • ■ ■ • * • • • * «
H Oc - If on CO J - CO t— LA t - 00 r H rH LA
+1 +1 +1 +i +1 +1 +1 +1 +1 +1 +1 + i + 1
0 CO t — t - t— t - CO CO t - CO t - ir­
O o o o o o o o O o o o O e s
r H rH rH H rH r H rH rH r H H r H rH rH r H
K X * X X M X X K X X X X
CM CO - i f o O 1—1 LA CO C— CM O on f r- on
CO CM o Oc LA O Oc CM H CM on rH LA• « * • » • m • • • • • t *
CM CM H LA - I f CO - 4 - t - Oc j - CM LA I- 1
C O C O CM L A O O on 0 0 CM O C o - i f r H ir­
CM rH t — - I f C O - i f L A L A - i f - I f C O of—I
t— on
+1 +1 +1 +1 +1 +1 +1 +J +i +1 +i +t +1 +i
- i f LA LA O C C O r—1 rH O - I f on -=f CD CM 00
O
CM
- i f r Hon CMCM
CM
L A
LA
on
O C
L A
on
on
LA CO Oc
CM
L A
- i f
i—1
C O
on
Oc
do
"So•H<P•H
+5d0)•dH I—1CM
o o O o CM r H o rH o
? I ' t t
rH rH rH H LA on H CM -if
<D (1) <D a>
S3 Fh Fh o a & (i<O
CM CM
Oc
r H
CM
CM
rH
CM
d\ i—I
o
*
P4Oc
rH
S3
C J\ J = i  _f>H O  H
CM CM
O
/fc
o  o  on
t t t 1
l a  H  t -  c o
i—1
CM
>
wp?
o LA [— Oc t -
LA CSC LA CO Hon - if CO OO rH
rH
CO - i f c o Oc -If - i f on Oc o
on t - Oc LA LA H on r H on
9 CM on - I f LA CO c q t - c—H rH rH rH rH r H H H
Ta
bl
e 
8 
- 
(c
on
ti
nu
ed
)
106
0 0 CM o VO O OJ t no OJ VO VO LA _=t OJ
• * • » * * • •
H
+1 +1 +1 +1 +1 +i +1 +i
o I— -cr i n O on o\ OJ-=t VO OJ -=f o o\ OJ o
* * • « * • • •
H H H H -d- r H
l a o \ C O -=)■ O O C \ O O J
i—l oo O v O v t - J - CT\ OO
+ i +j +1 +1 +1 +1 +1 +1
O J O J - i t V O o L A V O 0 0
t - t - O N O J J - rH rH t -
O J H O J rH H 0 0
CM
t  t
V O CM OJ
'is
{2! O  H OO
O J  H
rf*
O J
OJs  Ja;
CM - 4 1 
CM H
<U —SJ O O 
O  O J  t —
O J  H  H
0 O 0 0 O J
J - CO t —
t - o v O
rH H O J
L A O J O J OV L A
C O i—( H 0 0 L A
O 0 0 V O -=)• I A
O l O J O J -= 0 -=J-
107
T ab le  9
23C o rre c te d  Y ie ld s  from  th e  TT + Ha E xperim en t by  L e v e l.
-  23Tf A b so rp tio n  on Ha
D augh ter H ucleus p S ta te
Z_______A  J  , T_____ Energy (keV) Y ie ld  (%)
10 22 He U+ 3356 1.1*5 ± .60
10 22 He 2+ 1275 1 .0 2  ± .61*
10. 21 Ne 9 /2 + 2866 3 .2 0  + .36
9 21 F 3UU9 3 .9 0  + -76
9 21 F 2071 1.2U ± .62
10 20 Ne 2+ 1633 6 .63  ± .67
10 20 He t*+ ^2lt5 .93 ± . 1*0
9 20 F 3+ 656
+1CMC—• .17
10 19 He 3 /2 “ 161U 1 .5 2  ± .31
9 19 F 3 /2 “ 155U .32  + .26
9 19 F 3 /2 + 11*59 .25  ± .19
9 19 F 5 /2 “ 131*6 1 . 1*2 ± .16
8 18 0 2+ 1982 1 .6 7  ± . 21*
9 17 F l / 2+ 1*95 * O C
D 1+ .03
8 17 0 3 /2 “ U55U 1 .0 2  ± .1*5
8 17 0 l / 2+ 871 ,6 7  ± .13
7 i h N 0 + , 1 2313 1 .0 0  + .56
6 12 C 2+ Ul+39 U.29 ± 1 .2 2
T o ta l  Y ie ld  = (3 1 .3  ± 2 , l ) %
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-  23T ab le  1 0 . Y ie ld s  from  th e  it + Na E xperim ent by D aughter N ucle i
D augh ter N ucleus % Y ie ld _____
22Ne 2 .k 7  ±  .88
21Ne 3 .20  + .36
21F 5 .1k  + .98
20Ne 7 .5 6  + .5**
20F .72 + .17
19Ne 1 .5 2  + .31
19F 1 .9 9  + .36
l 8 0 1 .6 7  + .2k
1TF .08 + .03
1To 1 .6 9  + .U7
l l i  .
N 1 .0 0  + .56
12C i t .29 + 1 .22
109
23T able  11 . Y ie ld s  from  th e  ir + Na E xperim ent by Mass Number A
A___________________________________________ % Y ie ld
22 2 .i+T + -88
21 8 . 3^ + 1 . 0U
20 8.28  + .57
19 3 .5 1  + .^8
18 1 .67  + .2^
17 1 .7 7  + .^7
ll+ 1 .00  + .56
12 U.29 + 1 .2 2
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-  32T ab le  13 . C o rre c te d  Y ie ld s  from  th e  tt + S E xperim ent 1
32TT A b so rp tio n  on S
p
D au g h ter N ucleus J  , T_______ Energy (keV)________ Y ie ld
31S i l / 2+ 752 .22  +
30P
+
2 , 1 2938 2 .2 0  +
30P 2+ 2733 .95 +
30P 2+ 1 I+5U .00  +
30p 1+ 709 .26  +
30S i 2+ 2235 5 .55  +
29S i 7 /2 “ 3621+ 1 .56  +_
29S i 5 /2 + 2028 .96  +
29S i 3 /2 + 1273 5.21+ +
28p 1516 .62  +
28S i 2+ 1779 6 .7 9  +
27a i 3 /2 + 1013 .96  +
26Mg 2+ 2938 .89  +
26mMg 2+ 1809 3 .6 5  +
25Mg o r 25A1 7 /2 + 1611 .38 +
25Mg l / 2+ 585 .89  +
Mg 2+ 1369 2 .9 0  +
23*7Na 5 /2 + 1+1+0 1 .30  +
20Ne 2+ 1633 1 -5T t
19f 5 /2 “ 131+6 .60  +
T o ta l  Y ie ld  = (3 7 .5  + 1.2)%
y L ev e l
(£)_____
.10
.38
.30
.23
.23
.52
. 21+
.30
.22
. 11+
. 1+1+
.20
. 11+
.38
.19
.09
.20
.10
.22
.13
— 32T ab le  1 ^ . Y ie ld s  from  th e  tt + S E xperim en t by D augh ter N u c le i 
D au g h ter N ucleus__________________________________ % Y ie ld ______________
3 S i .22 + .10
3°p 3.U1 + .58
30S i 5 .5 5 + .52
29S i 7 -76 + .kb
2 Sp .62 + .iU
28S i 6 .7 9 + . 1+1+
27a i .96 + .20
26mMg H.5U + . 1+0
25 * Mg 1 .2 7 + .21
2V 2 .9 0 + .20
23Na 1 .3 0 + .10
20Ne 1 .5 7 + .22
19f .60 + .13
T h is  assum es th e  l 6l l - k e V  peak  i s  from  th e  t h i r d  e x c i te d  s t a t e  o f
1 1  u
-  32T able  15 . Y ie ld s  from  th e  tt + S Experim ent by Mass Number A
A_____________________________________ % Y ie ld
31  .22  + .10
30 8 .96  + .78
29 7 .7 6  + .M+
28 7.U1 + .1+6
27 .96 + .20
26 I+.5I+ + . 1+0
25 1 .2 7  + .21
2k 2 .9 0  + .20
23 1 .3 0  + .10
20 1.57  + .22
19 .60  + .13
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-  i*oTable 17 . C o rre c ted  Y ie ld s  from  th e  it + Ca Experim ent by L evel
tt A b so rp tio n  on Ca
P
D aughter N ucleus J  , T_________Energy (keV)_____ Y ie ld  (%)_______
or 31P , 30S i ,  
o r 29S i) 3 /2 " 1267 2 j k  + .38  ?
39A r(? ) 3 /2 + 1517 1 .3 8  + .26  ?
38k 1+ , 0 l*6l .92 + .09
38k 1+ , 0 1700 .66  + .15
38 aAr 2+ 2168 1 .33  + .25
38Ar 3" 3810 .1*6 + .17
38 C l 5" 671 .38  + .ll*
37Ar l / 2+ 1U10 .26  + .17
3TAr 7 /2 " 1611 1 .8 6  + .16
37 C l 1 /2 1727 1 .8 0  + . 21*
36Ar 2+ 1970 1*.58 + .62
36Ar 3 ” 1*178 1.3l* + .28
3US 2+ 2127 1.1*2 + .17
32s 2+ 2230 2 .1 0  + . 21*
29S i 5 /2 + 2028 .79 + -22
28S i 2+ 1779 2 .2 1  + . 31*
26.,Mg 2+ 1809 .65 + .15
2 Ik. Mg 2+ 13 69 2 .65  + .23
20„Ue 2+ 1633 2 .3 9  + .78
T o ta l  Y ie ld  = (2 9 .9  + l-h)%
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_ 1^ .0
T able  1 8 . Y ie ld s  from  th e  tt + Ca E xperim en t by D augh ter H u c le i 
D au g h ter HucleUB  '    % Y ie ld  _____________
39A r(?) 1* .12 +
38k 1 .5 8  + .17
3 8  A t 1 .7 9 + .30
38C1 .38 + .14
3TAr 2 .12 + .23
3TC1 1 .8 0 + .21*
36Ar 5.92 + .68
3lis 1.1*2 + .17
32s 2 .1 0 + .21*
29S i .79 + .22
28S i 2 .2 1 + .31*
TO a\
df .65 + .15
2kMg 2.65 + .23
20„Ne 2.39 ■f* .78
T able
119
1*01 9 . Y ie ld s  from  th e  tt + Ca E xperim en t by Mass Number A
A________________   % Y ie ld
3 9 (? )  U.12 + .1*6(?)
38 3 .75  + .37
37 3 .9 2  + .33
36 5 .9 2  + .68
3h 1.1*2 + .17
32 2 .1 0  + .21*
29 .79 + .22
28 2 .2 1  + .31*
26 .65 + .15
2l* 2 .65  + .23
20 2 .3 9  + .78
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T able  2 0 . Mean Numbers o f  P r o to n s , N e u tro n s , and N ucleons E m itte d  per 
1 O bserved ir~ A b so rp tio n .
T a rg e t TF& #n #N
Na 2 .1 1  + .27  2 . 1 U + .30  U.25 + .56
S 2 .7 3  + .1 2  1 .89  + .09  h.63  + .2 1
Ca 3 .9 6  + .3 5  2 .9 6  + .32  6 .9 2  + .66
121
T ab le  2 1 . Mean R e c o i l  Momenta C a lc u la te d  from  A n alyses o f  D oppler 
B roadened L ines
S h o r t-L iv e d  S ta te s
T a rg e t D augh ter S ta te Mean R e c o i l  Momentum
14N 1 2 c 2+ kk39 keV 169 + 6 MeV/c
t o ca 39A r(? ) 3 /2 "  1267 keV 291 + 13 MeV/c
S ta te s C o rre c te d  f o r  S low ing  Down w ith  B lau g ran d  P ro ced u re
T a rg e t D aughter S ta te Mean R e c o i l  Momentum
32s 28S i 2r- 1779 keV 2^0 + 28 MeV/c
*°Ca 3?C1 (1 /2 )  1727 keV 175 + 13 MeV/c
Ca 28_.S i 2+ 1779 keV 286 + 3 0  MeV/c
Ca 36.Ar 2+ 1970 keV 1(1(0 + 35 MeV/c
S ta t e s  C o rre c te d  f o r  S low ing Down w ith  Lewis P ro ced u re
T a rg e t D au g h ter S ta te Mean R e c o il  Momentum
32s 28S i 2+ 1779 keV 290 + 30 MeV/c
^°Ca 37C1 (1 /2 )  1727 keV 191 + 13 MeV/c
Ca 28S i 2+ 1779 keV 360 + 50 MeV/c
U0Ca 38 Ar 2+ 1970 keV 1(85 + 1(0 MeV/c
122
-  32T ab le  22. V a r ia t io n  o f  O bserved % Y ie ld s  f o r  Tt + S w ith  R and Z
R
16 15 lU ' 1 3 _________12 11  10
5 .55 7 .7 6
1 .2 7Z
11 1 .3 0
10
609
123
— 32T a b le  23* V a r ia t io n  o f  O bserved % Y ie ld s  f o r  n~ + S w ith  N and  Z 
In c lu d in g  Enhancement C o r re c tio n
16 15 lh
W
13 12 11 10
1.86
l h  5 .5 5 U.68
2.8813
2.6T
3 .9 011
10
9
8
1.80
12k
Table 2k .  ALICE P r e d ic t io n s  f o r  tt-  + 32S on an If v e rsu s  Z G rid , 50% 
140 MeV on 32S, 50$ 30 MeV on 3°P .
11 1012
0 .2 3
1.07
0.6810 .5  0 .0 5
0 .0 9  0 .02
0 .0 3  0 .19  0 .6 k 0 . 2 2  0 . 02
0 .69  0 .0 20.04 0 .7 3  1 .6110
0 .0 4  0 .4 7  2 .1 8  2 \64  0 .4 0  0.06
0 .0 7  0 .38  1 .67 3 \73  0 .66
0 .73
T able  2 5 . V a r ia t io n  o f  O bserved % Y ie ld s  f o r  tt + ^ C a  w ith  N and Z
N
1012 1120
20
1.80
1 .1+2
.6512
11
10
126
T ab le  2 6 . V a r ia t io n  o f  O bserved % Y ie ld s  f o r  7T + w ith  N and Z
In c lu d in g  Enhancem ent C o r re c t io n
1012 1120
20
18 1 .7 9  5 .58
5.U0
1 . 1*2
2 .3 7
12
11
12
127
T able  2 7 . ALICE P r e d ic t io n s  f o r  it + ^ C a  on an N v e rs u s  Z G rid , 50$ 
lHO MeV on **0Ca, 50$ on 30 MeV on 38K
H
20 19 18 17 16 15 Ik  13 12 11  10
20
0 . 2019
18 0 .9 9
.81 0 .2 12 0 .7  0 .0 317
0 . 0l*0 .0 6  0 .0 8  1 3 .516
0 .1 2  0 .5 9  0 .65 0.2015
0 .1 3  1 .6 8  2 .9 1 0.1*5 0 .0 3lU
0 .0 3  0 .25  1 .0 7  k , i 613
0 . 5U0 .2 7  2 .1 9  2 .0 812
0 .0 5  1 .3 1  3 .7 811
1 2 8
-  1*0T ab le  2 8 . C om parison o f  220-MeV tt + Ca D a ta  w i th  F ra e n k e l  C a lc u la t io n
220 MeV Tt"
^°C a ■ 32S 28S i  ^ A !E m itte d
; i c l e s C alc Expt C alc E xpt Calc E xpt C alc Expt C alc Expt
0 1 5 .5 1*5.9 1 5 .3 1 6 .8 l i t . 5 1*0.3 2 3 .3 3l*.9 8 .8 35
n 1*1 .1 3 2 .1 1 1 .5 2 1 .9 2 .1 1 3 .7 5 1 .7 1 2 . 1* 0 .5 8 .6
t 0 .6 * 3 .3 - - 11* .3 1*7.5 1 .5 -
!He 2 8 .6 2 1 .7 2 0 .8 7 1 .5 1 8 .7 23.1* 1 5 .9 - 1 5 .2 6 .3
a 2 5 .6 137-9 2 5 .1 76.1* 3 1 .7 3 8 .0 1*8 . 1 2 9 .9 1 2 .7 1 8 . 1*
t a - - 2 ,2 - - - 8 . 2 10 -
2a 1 3 .1 111*. 8 2 7 .9 1*7-1 1 3 .0 2 1 .6 1 0 .8 6 .9 * 29.1* 0 .5
3a 2 0 .3 6 6 ,1 7 -1 1 9 .0 23.1* 5 .9 1*1.5 - 31.1* -
l*a ■ 1 5 .5 3 6 .1 1 2 .6 - 21 .8 - • 7 .2 - 3 5 .3 -
5a 1+.2 27.1* 9 .8 - 2 1 .8 -  • 3 ,6 - - -
6 a 1*.2 - 5 .5 - - - - - -
ak 725 - 621 — 610 - 603 — 526 -
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C arey E l l i o t t  S tro n ac h  was b o rn  on A ugust 8 , 19^-0* in  B o sto n , 
M a s sa c h u se tts , He moved t o  P e te r s b u rg ,  V ir g in ia  w ith  h i s  p a r e n ts  in  19^-2, 
a t te n d e d  th e  P e te r s b u rg  p u b lic  s c h o o ls ,  and g ra d u a te d  from  P e te r s b u rg  
High S choo l i n  1957* He th e n  e n te r e d  th e  U n iv e r s i ty  o f  Richmond and in  
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e n t i t l e d  P h o to p ro to n s  from  Aluminum. He c o n tin u e d  h i s  s tu d ie s  a t  V i r g in ia ,  
b u t  w ithdrew  in  1965 a t  th e  tim e  o f  h i s  m o th e r 's  te r m in a l  i l l n e s s .
He was a p p o in te d  i n s t r u c t o r  o f  p h y s ic s  a t  V ir g in ia  S ta te  
C o lleg e  i n  1965 was prom oted t o  a s s i s t a n t  p r o f e s s o r  i n  1966. He began 
d o c to r a l  s tu d ie s  a t  th e  C o lleg e  o f  W illiam  and Mary in  1970> w h ile  con­
t in u in g  t o  te a c h  a t  V ir g in ia  S t a t e .  He was a  N a tio n a l  S c ie n ce  F oun d a tio n  
S c ien ce  F a c u l ty  F e llo w  d u rin g  th e  1971-72 academ ic y e a r ,  and resum ed 
te a c h in g  d u t ie s  a t  V i r g in ia  S ta t e  in  S ep tem ber, 1972.
He i s  a  member o f  th e  P h i B e ta  K appa, Sigma X i, Sigma P i Sigm a, 
and P i Mu E p s ilo n  h o n o ra ry  f r a t e r n i t i e s ,  and b e lo n g s  t o  th e  Am erican 
P h y s ic a l  S o c ie ty ,  th e  Am erican A s s o c ia t io n  o f  P h y s ic s  T e a c h e rs , th e  
Am erican A s s o c ia t io n  f o r  th e  Advancement o f  S c ie n c e , th e  N a tio n a l  I n s t i ­
t u t e  o f  S c ie n c e , and th e  P h y s ic s  Club o f  Richmond. He h as  b een  a c t i v e  in  
academ ic and community a f f a i r s ,  h av in g  s e rv e d  as  p r e s id e n t  o f  th e  V ir g in ia
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S ta te  C o lleg e  C hap ter o f  th e  Am erican A s s o c ia t io n  o f  U n iv e r s i ty  P ro ­
f e s s o r s ,  and a s  p r e s id e n t  o f  th e  P e te r s b u rg  A rea C hap ter o f  th e  V ir g in ia  
C o u n cil on Human R e l a t i o n s . He i s  c u r r e n t ly  c o rre sp o n d in g  s e c r e ta r y  o f  
th e  P e te r s b u rg  C ity  D em ocratic  C om m ittee, and i s  a  member o f  th e  Commis­
s io n  on Community R e la t io n s  A f f a i r s  o f  th e  C ity  o f  P e te r s b u r g .
He i s  m a rr ie d  t o  th e  fo rm er Jo an  A lic e  V enner, a  n a t iv e  o f  
H a l i f a x ,  Nova S c o t ia .  They have tw o s o n s , Jo h n , 8 , and Howard, 3.
